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Deutsche Zusammenfassung
Das Gebiet der molekularen Elektronik erfuhr in den letzten Jahren einen enormen
Schub sowohl unter experimentellen als auch unter theoretischen Gesichtspunkten. Das
Kontaktieren einzelner Moleku¨le ist nicht nur aus technologischer Sicht interessant,
sondern auch physikalisch von fundamentalem Interesse: Sind einzelne Moleku¨le der
ultimative Schritt zur Miniaturisierung von Transistoren? Kann Quanteninformation in
einzelnen Moleku¨len gespeichert werden? Wie werden molekulare Magnete von den
stromtragenden Elektronen beeinflusst? La¨sst sich das Quantentunneln der Magnetisier-
ung an einzelnen Moleku¨len nachweisen?
Gegenstand der vorliegenden Doktorarbeit ist die theoretische Beschreibung und Ana-
lyse von elektronischem Transport durch einzelne Moleku¨le. Dazu werden Transport-
modelle entwickelt, die die besonderen elektro-chemischen, magnetischen und elektro-
nischen Eigenschaften der untersuchten Moleku¨le einbeziehen. Vorteile dieses Zugangs
sind einerseits, dass auftretende Modell-Parameter durch ab-initio Rechnungen festge-
legt werden ko¨nnen, was einen Vergleich mit experimentellen Ergebnissen erlaubt, und
andererseits, dass diese Modelle auf eine Vielzahl von Moleku¨len mit a¨hnlichen Ei-
genschaften anwendbar sind. Die Modelle werden in verschiedenen Transportregimen
untersucht: Im Bereich schwacher Kopplung zwischen Moleku¨l und Elektrode liefert
die Lo¨sung kinetischer Gleichungen zuverla¨ssige Resultate, die das Nichtgleichgewicht
einbezieht, welches durch eine angelegte Transportspannung verursacht wird. Im Be-
reich starker Kopplung wird die numerische Renormierungsgruppe angewandt, eine nu-
merisch exakte Methode, die die Gleichgewichtsphysik vollsta¨ndig beschreibt.
Im Folgenden wird ein U¨berblick u¨ber die Fragestellungen, die in dieser Doktorarbeit
untersucht werden, gegeben.
Ladungsinduzierte Spinblockade in “Grid”-Moleku¨len
“Grid”-Moleku¨le bestehen aus U¨bergangsmetall-Ionen, die von organischen Liganden
auf den Ecken eines Rechtecks “fixiert” werden. Die Zusammensetzung und Geome-
trie dieser Moleku¨le ist in einem außerordentlichen Maß chemisch modifizierbar: Es
ko¨nnen Metall-Ionen mit unterschiedlichem Spin, sowie Liganden mit unterschiedli-
chen elektronischen Eigenschaften gewa¨hlt werden, und es ist mo¨glich verschiedene
Rechtecksstrukturen zu synthetisieren. Basierend auf der geometrischen und elektro-
nischen Struktur wird ein minimales Transportmodell entwickelt. Interessanterweise
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kommt fu¨r bestimmte Ladungszusta¨nde der aus der Festko¨rperphysik wohlbekannte
Nagaoka-Mechanismus zum tragen, der zu Grundzusta¨nden bzw. energetisch niedrig
liegenden Anregungen mit maximalem Spin fu¨hrt. Diese Zusta¨nde zeigen in Transport-
experimenten drastische Effekte, na¨mlich eine vollsta¨ndige Unterdru¨ckung des Stroms
bei kleiner und endlicher Transportspannung, sowie einen negativen differentiellen Leit-
wert. Zur Zeit werden in der Gruppe von Herre van der Zant (Delft) Transportexperi-
mente an diesen Moleku¨len durchgefu¨hrt, bei denen einige Proben eine komplette Un-
terdru¨ckung des Stroms bei kleiner Transportspannung zeigen.
Transportexperimente durch molekulare Magnete
Messungen von Transport durch einzelne magnetische Moleku¨le (Mn12), die sich durch
magnetische Anisotropien und einen grossen Spin auszeichnen, sind ku¨rzlich in den
Gruppen von Herre van der Zant (Delft) und Hongkun Park (Harvard) realisiert worden.
Durch diese bahnbrechenden Arbeiten wird der Untersuchung molekularer Magnete
eine qualitativ neue Richtung gegeben: Im Gegensatz zu bisherigen Experimenten, in
denen Cluster dieser Moleku¨le untersucht wurden und die magnetischen Eigenschaften
des Clusters unter der Annahme schwacher intermolekularer Wechselwirkung auf die
Eigenschaften einzelner Moleku¨le zuru¨ckgefu¨hrt werden mu¨ssen, werden in obigen Ex-
perimenten unmittelbar einzelne Moleku¨le angesprochen.
Ihre intrinsischen Eigenschaften beru¨cksichtigend wird in dieser Arbeit ein Transport-
modell untersucht, das die im Delft-Experiment beobachteten Signaturen des Moleku¨ls,
negativer differentieller Leitwert und vollsta¨ndige Unterdru¨ckung des Stroms bis zu ei-
ner Spannung, die der Gro¨sse der Anisotropie-Barriere entspricht, erkla¨rt. Beide Effekte
werden von Elektron-Tunnelprozessen verursacht, die in blockierenden, den Strom un-
terdru¨ckenden Zusta¨nden enden. Im Gegensatz zu vergleichbaren Effekten in Quanten-
punkten zeigen die Berechnungen fu¨r solche Moleku¨le eine neue Art von Spinblockade:
die magnetische Anisotropie verursacht eine Serie von blockierenden Zusta¨nden.
Transportsignaturen vom Quantentunneln des magnetischen Moments
Der Nachweis des Quantentunnelns des magnetischen Moments in Clustern molekula-
rer Magnete ist Gegenstand einer immensen Anzahl theoretischer und experimenteller
Untersuchungen. In dieser Arbeit wird gezeigt, dass das Quantentunneln des magneti-
schen Moments in Transportexperimenten, bei denen ein einzelnes Moleku¨l kontaktiert
wird, zu besonderen Signaturen in den Bereichen schwacher und starker Ankopplung
des Moleku¨ls an die Elektrode fu¨hrt.
Im Bereich schwacher Kopplung zwischen Moleku¨l und Elektrode treten Leitwertreso-
nanzen auf, die nicht von den spektralen Eigenschaften des Moleku¨ls stammen, sondern
durch das Quantentunneln verursacht werden. Solche “irrefu¨hrenden” Resonanzen sind
einerseits klare Signaturen des Quantentunnelns, andererseits erschweren sie die Trans-
portspektroskopie. Das Messen des Rauschens kann dieses Dilemma lo¨sen: Leitwer-
tresonanzen, die mit dem molekularen Spektrum verbunden sind, ko¨nnen identifiziert
werden. Die “irrefu¨hrenden” Resonanzen werden verursacht durch Tunnelprozesse mit
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stark unterschiedlichen Raten und wurden schon in Experimenten mit Quantenpunkten
diskutiert, wobei dort der Ursprung der Asymmetrie in den Raten nicht mikroskopisch
begru¨ndet werden konnte. Auch in dieser Hinsicht sind molekulare Magnete besonde-
re Systeme: Das Quantentunneln in ihnen ist generisch ein kleiner Parameter, der die
Asymmetrie in den Raten induziert. Daru¨berhinaus wird gezeigt, wie die magnetische
Anisotropie zu negativem differentiellen Leitwert und einer Unterdru¨ckung des Stroms
fu¨hrt.
Fu¨r den Bereich starker Kopplung wird in dieser Arbeit eine Anomalie im Leitwert, der
Kondo-Effekt, vorhergesagt. Dieser Effekt ist wohlbekannt von Experimenten an Quan-
tenpunkten, aber noch nicht fu¨r molekulare Magnete diskutiert. Auch wenn der moleku-
lare Spin in diesen Systemen entlang einer Vorzugsachse (nahezu) fixiert ist, resultieren
Abweichungen von perfekter axialer Symmetrie in Spinfluktuationen, die durch die An-
kopplung an die Elektrode versta¨rkt werden. Die Abha¨ngigkeit des Kondo-Effekts von
den generischen Eigenschaften des Moleku¨ls, dem Spin, der Sta¨rke der magnetischen
Anisotropie, sowie ihrer Symmetrie, werden im Detail untersucht. Dazu werden die
nicht-perturbativen Ergebnisse der numerischen Renormierungsgruppe mit einer “poor
man’s scaling”-Analyse eines effektiven Modells verglichen, was eine anschauliche In-
terpretation der numerischen Resultate ermo¨glicht. Das dabei diskutierte Kondo-Modell
ist vollsta¨ndig anisotrop, was fu¨r Quantenpunkte noch nicht ero¨rtert wurde, fu¨r moleku-
lare Magnete hingegen spezifisch ist. Erstaunlicherweise zeigt sich, dass unter bestimm-
ten Voraussetzungen ein grosser, halbzahliger molekularer Spin den Kondo-Effekt un-
terstu¨tzt. Ferner wird eine Spinauswahlregel fu¨r das Auftreten des Kondo-Effekts in
Abha¨ngigkeit von der Symmetrie des Quantentunnelns vorhergesagt, die sich von dem
gerade-ungerade Wechsel des Kondo-Effekts in verschiedenen Ladungszusta¨nden in
Transportexperimenten durch Quantenpunkte deutlich unterscheidet.
Kondo-Korrelationen werden in der Regel durch Magnetfelder zersto¨rt. Auch in dieser
Hinsicht sind molekulare Magnete außergewo¨hnlich: Der Kondo-Effekt kann abha¨ngig
von der Gro¨ße des molekularen Spins als Funktion des longitudinalen Magnetfelds in-
duziert werden bzw. mehrmals wiederkehren. Damit kann der Kondo-Effekt auch fu¨r
molekulare Magnete mit ganzzahligem Spin durch Variation des Magnetfelds unter-
sucht werden. Das A¨ndern des Spinzustands zu einem halbzahligen Spin durch eine
Gatter-Spannung ist nicht mehr notwendig. Daru¨ber hinaus wird ein Rekursionsprinzip
fu¨r den Leitwert von benachbarten Spinzusta¨nden hergeleitet, dass es erlaubt, die Gro¨ße
des Spins und die molekulare Anisotropie im Experiment zu ermitteln.
English summary
The field of molecular electronics experienced an enormous boost in both experiment
and theory in the last few years. Addressing a single molecule is not only of techno-
logical interest, also fundamental physical questions arise: Are single molecules the
ultimate step in the miniaturization of transistors? Are single molecules suitable for the
storage of quantum information? How do tunneling electrons influence molecular mag-
nets? Do single molecules exhibit quantum tunneling of the magnetic moment?
Subject of this thesis is the theoretical description and analysis of electron transport
through single molecules. Therefore transport models are developed that take into ac-
count the special magnetic, electronic and electro-chemical properties of the molecules
of interest. One advantage of this approach is that model parameters can be fixed by
ab-initio calculations which allows a comparison to experiments. Another advantage is
that a huge class of molecules with similar properties can be described by these models.
The models are studied in different transport regimes: in the regime of weak coupling
between molecule and electrode a master equation approach is used which captures the
non-equilibrium imposed by the applied bias voltage correctly. In the strong coupling
regime and for an equilibrium situation the non-perturbative numerical renormalization
group is the method of choice.
In the following, the main topics addressed in this thesis are summarized.
Charge induced spin blockade in grid molecules
Grid molecules incorporate transition metal ions that are held by organic ligands on the
edges of a grid. The building units and the geometry of these molecules are designable
in an extraordinary way: metal ions with different spin as well as ligands with different
electronic properties may be used. In addition different sizes of grids can be realized.
Based on the geometric and electronic structure a minimal transport model is developed.
Interestingly, the Nagaoka mechanism, well-known from solid state physics, becomes
effective and leads to maximal spin ground states or energetically low lying excitations
for certain charge states. These states show drastic effects in transport experiments: a
complete current suppression at small but finite bias voltage and negative differential
conductance. Very recently performed transport experiments in the group of Herre van
der Zant (Delft) show a complete current suppression in some samples.
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Transport experiments through a molecular magnet
Transport experiments through single magnetic molecules (Mn12) have been recently
reported by the groups of Herre van der Zant (Delft) and Hongkun Park (Harvard) that
show fingerprints of the magnetic anisotropy and the large spin which are generic prop-
erties of these molecules. These pioneering works point to a new direction in the study
of molecular magnets: In contrast to experiments on clusters of these molecules where
magnetic properties are related to single molecule properties under the assumption that
the intermolecular interactions are weak, in transport experiments individual molecules
can directly be addressed.
Taking into account their intrinsic properties, a transport model is analyzed in this thesis
that explains the key features of the Delft experiment, a compete current blockade of the
order of the magnetic anisotropy barrier and negative differential conductance. Remark-
ably, both effects can be traced back to a cascade of electron tunneling processes into
blocking states that suppress the current. Contrary to similar effects in quantum dots the
spin blockade in molecular magnets is caused by a relay of blocking states.
Transport fingerprints of the quantum tunneling of the magnetic moment
The quantum tunneling of the magnetic moment in clusters of single molecule magnets
has been the focus of intensive experimental and theoretical research. In this thesis we
show that quantum tunneling leads to unique signatures in transport experiments where
single molecule magnets are trapped in three-terminal setups in the regimes of weak and
strong coupling between molecule and electrode.
In the weak coupling regime resonances in the conductance that do not correspond to
molecular addition energies are caused by the quantum tunneling. On the one hand these
“fake” resonances are clear fingerprints of the quantum tunneling, on the other hand they
complicate the transport spectroscopy. We show that measuring the shot-noise helps to
distinguish these resonances from those caused by the molecular spectrum. “Fake” res-
onances arise due to strong asymmetries in the rates and have already been discussed
in quantum dots. However, the microscopic origin of the asymmetry in the rates in the
latter systems is not clear in contrast to single molecule magnets: The quantum tunnel-
ing is a generic small parameter that induces asymmetric rates. Furthermore we show
how the magnetic anisotropy leads to negative differential conductance and a complete
current suppression.
In the strong coupling limit we predict for single molecule magnets a zero-bias anomaly
in the conductance, the Kondo effect. This effect is well-known from quantum dots but
has not been discussed for single molecule magnets yet. Even though in these systems
the spin is (nearly) fixed along an easy axis deviations from perfect axial symmetry lead
to spin fluctuations that are enhanced by the coupling to the electrode. The dependence
of the Kondo effect on generic molecular properties as the spin, the strength of the mag-
netic anisotropy and its symmetry, are analyzed in detail. We compare the results of the
non-perturbative numerical renormalization group with a “poor man’s scaling” analysis
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of an effective model which gives insight in the processes leading to Kondo physics. The
discussed effective model, specific for molecular magnets, is a full anisotropic Kondo
model which has not been considered for quantum dots. Remarkably, under certain
conditions a large half-integer molecular spin compensates the magnetic anisotropy and
leads to an enhancement of the Kondo effect. Additionally, we predict a spin selection
rule for the Kondo effect to occur based on the symmetry of the quantum tunneling. This
selection rule is decisively different from the even-odd alternation known from quantum
dots.
Magnetic fields usually suppress Kondo correlations. Again single molecule magnets
have extraordinary properties: The Kondo effect can be induced and suppressed several
times depending on the magnitude of the molecular spin. It shows reentrant behavior as
function of a longitudinal magnetic field. Hence the Kondo effect can be investigated for
integer spin systems and the change of the spin by a gate voltage is no longer necessary.
Furthermore we set up a correspondence of the conductance fingerprints for adjacent
spin states. This allows a determination of the magnitude of the spin and the molecular
anisotropies in the experiment.
Part I
Molecular electronics
Chapter 1
Molecular electronics
1.1 General introduction to molecular electronics
In recent years molecular electronics has become a rapidly progressing discipline which
combines the expertise from various fields in physics as well as in chemistry. The foun-
dation of the field goes back to the early 70’s: Kuhn and Mo¨bius performed experiments
on monolayer molecular films [KM71] and a few years later Aviram and Ratner pro-
posed an electronic device based on a single molecule which acts as a rectifier [AR74]
similar to a traditional semiconductor pn-diode.
Since the size reduction in semiconductor technology hits the physical as well as the
economical limits single molecule devices offer interesting and important perspectives
for future electronic circuits [JGA00]. It is generally expected that a combination of sili-
con CMOS devices with molecular structures will dominate the field of nanoelectronics
in 20 years [CFR05].
In addition, the miniaturization of such nano-devices is not only of technological in-
terest. The size reduction of the regions involved in charge transport leads as well to the
physically interesting appearance of fundamental quantum phenomena on a mesoscopic
scale. For example, these systems allow the study of charge quantization, Coulomb
blockade, the discreteness of the molecular spectrum or quantum tunneling of the mag-
netic moment. The intrinsic molecular properties as for example the discrete rotational
symmetry and the mechanical degrees of freedom imposed by the definite molecular
geometry and electronic structure, influence significantly the charge currents flowing
through such devices and consequently lead to characteristic effects that haven’t been
studied in other nano-scale devices like quantum dots. In addition, the huge variety
of possible molecular structures and their smallness provide the possibility to design
molecules for particular electronic functions, for example:
• Single molecule magnets, characterized by magnetic anisotropies and a large spin,
are considered as candidates for quantum computing [LL01a] and are discussed
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as spin filters in the field of spintronics [ET06].
• Grid-type molecules, consisting of transition-metal ions and organic ligands, or-
ganize themselves on surfaces to two- or three-dimensional patterns. They can be
used as building units for supramolecular arrays showing unique optical, electro-
chemical and magnetic behavior [RRRS+04].
• Many molecules have multiple distinct stable geometric structures or isomers that
have distinct optical and electronic properties, c.f. [LGP+03]. The controlled
chemical modification of the molecular structure and composition allows a tailor-
made variation of specific molecular properties.
In order to use such nano-structures for information storage and processing an under-
standing of the physics of its single molecule building units is essential. An overview
about this rapidly developing field is given in [AR98, JGA00, RT00, ARM02, CFR05].
From an experimental point of view the main difficulty that had to be overcome
was to contact a single molecule. Recently developed measurement setups, e.g. the
breakjunction [RZM+97, SNU+02, ROB+02], shadow evaporation [SOK+02, LAB+02]
or electromigrated junctions [LT98, MMR99, KvdZM+02, KVKvdZ03], and improved
techniques, like the scanning tunneling microscope [JGSC95, NKK02, XT03], have
progressed in this direction in an increasingly controlled way.
Nowadays experiments are reported which study the interplay between the charge trans-
port and the molecular degrees of freedom, e.g. vibrational [QNH03, DTU+05, PPC+05,
YN04a, YKC+04, dG05, vdZKP+06] and spin [PPG+02, LSB+02, HdGF+06b, JGD+]
excitations. These molecular fingerprints in the transport serve also as a confirmation
that a molecule [HdGF+06b] and not an unwanted metallic particle [HLC+05] is trapped
in the junction.
Molecular electronics is also from a theoretical point of view very challenging. Up
to now first-principle approaches, like the density functional theory (DFT) or config-
uration interaction (CI) theories, are not able to reproduce the experimental observa-
tions quantitatively: Qualitative features of the experiment can be related to molecular
properties, e.g. the symmetry of the molecule [ROB+02, HCWS02], but a quantitative
comparison fails, c.f. [EK01, PVL02]. The main drawback is that no state-of-the-art ab-
initio theory captures the non-equilibrium imposed by the electro-chemical potentials of
the electrodes [EWK04, KSA+05] and the interplay of tunneling electrons with molec-
ular degrees of freedom accurately, c.f.[FCF+]. Additionally, these approaches require
a huge amount of computational effort and the single molecules studied can not always
be described fully within this framework, e.g. molecules including transition metal ions
are computationally hard to capture.
Due to the spatial reduction of these devices a classical phenomenological descrip-
tion of transport in terms of diffusion of quasi-particles often fails and many phenom-
ena, e.g. Kondo physics, can only be understood in a many-particle picture. Therefore
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(a) (b)
Figure 1.1: Transport experiments through the single molecule magnet Mn12 performed
by the groups in (a) Delft [HdGF+06b] and (b) Harvard [JGD+]. In both experiments
fingerprints in the transport of intrinsic molecular properties have been reported.
the study of effective models that incorporate experimentally known parameters and
ab-initio input makes the interpretation and qualitative analysis of experimental results
possible. They allow for an identification of the physical processes that lead to sig-
nificant features in measurable quantities. Furthermore a controlled extension of these
models incorporating successively more molecular degrees of freedom, different cou-
pling mechanisms to the electrodes as well as different types of electrodes is possible.
As an additional advantage, many concepts established in quantum dot physics, e.g.
the master equation approach and Coulomb blockade, can be used as simplest possible
starting points in the description of single molecule experiments.
1.2 Goals of this thesis
Recent experiments [PPG+02, QNH03, DTU+05, PPC+05, YN04a, YKC+04, dG05,
vdZKP+06, LSB+02, HdGF+06b, JGD+] motivated the study of electron transport
through single molecules. As pointed out above fingerprints of the distinct molecular
properties show up in such experiments. For example, three-terminal transport experi-
ments through a single molecular magnet, the famous Mn12 [HdGF+06b, JGD+], have
been reported that demonstrate how the magnetic anisotropy of a single molecule af-
fects the tunneling electrons, see Figs 1.1(a) and 1.1(b). Such experiments point to a
new direction in the study of molecular magnets since single molecules are addressed
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and not clusters of these molecules. In addition, the electronic control of spin degrees
of freedom may be used for device operation [ET06].
The interpretation of such experiments requires theoretical input since novel effects
occur due to the unique properties of single molecules. In this thesis we develop min-
imal, microscopic transport models that account for the intrinsic molecular properties
(different redox centers, magnetic anisotropies, high spin, etc.). On the one hand the
introduced parameters may be fixed by input from ab-initio calculations when a com-
parison to experimental data is needed. On the other hand the models under discus-
sion describe large classes of molecules and therefore the results are generic for these
molecules and may apply to various experiments. These models are analyzed in the
regimes of weak and strong coupling between electrode and molecule by appropriate
methods: In the weak coupling regime a master equation approach captures the non-
equilibrium imposed by the applied bias voltages correctly, while in the strong coupling
regime the numerical renormalization group is the method of choice.
It turns out that the single molecules studied in this thesis exhibit a huge variety of
phenomena, for example:
• We demonstrate that the molecular spin can be switched from low spin to high
spin by charging the molecule. This leads in transport experiments to negative
differential conductance and spin blockade effects.
• The magnetic anisotropy together with the large spin of single molecule magnets
lead in transport experiments to a novel type of spin blockade due to the selection
rule for the spin projection. Key features of the first transport experiment through
the famous molecule magnet Mn12 [HdGF+06b], a complete current blockade and
negative differential conductance effects, can be explained within our model.
• We predict that transport spectroscopy of single molecule magnets shows signa-
tures of the quantum tunneling of the magnetization, a mesoscopic quantum phe-
nomenon, in both the weak and strong coupling regime. During the last decade
clusters of these molecules have been in the focus of intense experimental and
theoretical investigation [GS03]. Due to weak intermolecular interactions proper-
ties of the cluster have been attributed to single molecules. We demonstrate that
the quantum tunneling of the magnetic moment leads to “fake resonances” in the
weak coupling regime and induces Kondo physics (Fig. 1.2) in the strong cou-
pling regime. Especially the quantum tunneling induced Kondo effect may serve
as a key feature in transport experiments. As shown in Fig. 1.2 the Kondo effect is
not destroyed by a longitudinal magnetic field (as it is the case in quantum dots)
but shows reentrant behavior depending on the magnitude of the molecular spin.
We investigate how these effects show up in transport experiments in detail and how
they are modified when molecular properties are changed, e.g. by considering different
types of molecular symmetry or different constituents.
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Figure 1.2: Spectral function, qualitatively equivalent to the conductance, as function of
a longitudinal magnetic field along the molecular easy axis and frequency for a single
molecule magnet with spin S = 7/2 and magnetic anisotropies (for details see Chap-
ter 8). The zero-bias resonances indicate a reentrant behavior of the Kondo effect as
function of the magnetic field.
8 MOLECULAR ELECTRONICS
Below we give an overview of this thesis and summarize the main results of each
Chapter.
1.3 Outline of this thesis
In Chapters 2 and 3 the models and methods subject to this thesis are introduced briefly.
• In Chapter 2 we introduce the Anderson model, the spin Hamiltonian and the
Kondo model. A combination and extensions of these concepts are used to de-
scribe the charge and spin degrees of freedom of the molecule, as well as the
coupling to the electron reservoirs.
• In Chapter 3 we highlight the methods which we use to analyze the transport. In
the limit of weak coupling between electrode and molecule we focus on strong
non-equilibrium effects imposed by the applied bias voltage which are described
by a master equation approach generalized to incorporate the molecular spin de-
gree of freedom. In the opposite limit, i.e. strong electrode-molecule coupling and
an equilibrium situation, we use poor man’s scaling techniques and the numerical
renormalization group.
In Chapters 4, 5 and 6 we demonstrate how spin selection rules influence the electron
transport in the sequential tunneling limit.
• In Chapter 4 we focus on so-called grid-molecules that are well-known for their
electro-chemical and magnetic properties. In particular we show that the molec-
ular spin can be switched to a high-spin state by charging. Negative differential
conductance effects and spin blockade are direct consequences of this effect.
• In Chapter 5 we analyze the first transport experiment through a single molecular
magnet (Mn12). Due to its magnetic anisotropy not only the total spin selection
rule but also the selection rule for the magnetic projection has to be taken into
account. Key features of the experiment, namely a current blockade of the order of
the molecular anisotropy barrier and negative differential conductance effects, are
explained within a minimal transport model incorporating the intrinsic properties
of the molecular magnet.
• In Chapter 6 signatures of quantum tunneling of the magnetization which leads to
a weak violation of spin selection rules in transport spectroscopy are discussed.
Even though quantum tunneling doesn’t alter decisively the spectrum of single
molecule magnets it leads to oscillations in current and noise with a peculiar tem-
perature dependence which is induced by the applied bias voltage. High magnetic
symmetry quantum tunneling can even lead to the complete suppression of elec-
tron transport.
1.3 OUTLINE OF THIS THESIS 9
In Chapters 7 and 8 we discuss the limit of strong coupling between molecule and
reservoir. Again the quantum tunneling of the magnetization plays a crucial role: The
transverse anisotropy induces topological sectors (with respect to rotations around the
easy axis and depending on the symmetry of the quantum tunneling) which can be
connected by external Kondo spin-flip scattering. This leads to unique fingerprints in
transport spectroscopy.
• In Chapter 7 we show that for molecular magnets with half-integer spin the Kondo
temperature depends non-monotonically on the molecular transverse anisotropy
and the molecular spin. A transverse anisotropy of higher symmetry induces a
spin selection rule for the Kondo effect to occur, i.e. it leads to a suppression
of the Kondo effect for certain molecular spins, and thereby induces a quantum
phase transition.
• In Chapter 8 it is demonstrated how magnetic excitations of the molecule influ-
ence the transport in the case of strong coupling and lead to Kondo temperatures
larger than the molecular anisotropy barrier. The excitations can be probed with
a longitudinal magnetic field. This can be used for an accurate transport spec-
troscopy of the magnetic states in weak magnetic fields of the order of the easy-
axis anisotropy parameter. Furthermore, we set up a relationship between the
Kondo effects for successive integer and half-integer spins.
Chapter 2
Models
In this Chapter we introduce the transport models under consideration in Chapters 4
to 8. In order to describe the interplay of tunneling electrons and molecular charge
and spin degrees of freedom these models are studied in both limits, the sequential tun-
neling and the strong coupling regime. It is well known from quantum dot physics
that due to charging and orbital energies the Coulomb blockade effect plays a deci-
sive role and these models have already been discussed in such systems extensively,
c.f. [Sch97, KMM+97]. In addition single molecules have special properties, e.g. mag-
netic anisotropies, different redox centers or high-spin ground states, which lead to
unique fingerprints in transport spectroscopy. Therefore we have developed minimal
transport models that incorporate precisely these peculiar properties.
2.1 Anderson type models
In 1961 Anderson [And61] discussed a model of a transition metal impurity coupled to
conduction band electrons:
HAnderson = Himp +Hhyb +Hcond (2.1)
Himp =
∑
σ
Eσnσ + Un↑n↓ (2.2)
Hhyb =
∑
kσ
(tkd
†
σckσ + h.c.) (2.3)
Hcond =
∑
kσ
kσc
†
kσckσ (2.4)
The physical interpretation of the various terms is as follows. Himp describes typically
a d- or f -shell electron of an impurity ion with creation (annihilation) operator d†σ (dσ),
energy Eσ and Coulomb interaction U between electrons in the same shell which is
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Figure 2.1: Transport model. A single orbital Eσ with onsite Coulomb repulsion U is
coupled via a tunneling matrix element tL,R to two electron reservoirs characterized by
their electro-chemical potentials µL,R.
typically the largest energy scale. The conduction band electrons, described as electron
reservoir Hcond with Fermi energy F and creation (annihilation) operator c
†
kσ (ckσ), are
coupled to the impurity by Hhyb, i.e. electrons can hop on and off the impurity. In this
way the system can lower its energy by charge and spin fluctuations of the impurity.
The different regimes of the Anderson model are:
• empty orbital regime Eσ  F ,
• the local moment regime Eσ + U  F and Eσ  F ,
• intermediate valence regime where either Eσ + U ∼ F or Eσ ∼ F , and
• the double occupancy regime Eσ + U  F .
The Anderson model has been extended to incorporate orbital degeneracies, spin-orbit
effects, Hund’s couplings, a multi-channel coupling between impurity and reservoir, the
effect of many impurities, SU(N) symmetry, etc. [Hew93].
Since the situation of an impurity hosted in a metal is very similar to a quantum dot or
molecule between two electrodes in a transport setup, Fig. 2.1, the Anderson model was
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the starting point for many works describing transport properties in such systems. The
role of the impurity is taken over by the quantum dot/molecule which is sandwiched be-
tween two reservoirs (left/right) described by their constant density of states ρ and their
electro-chemical potentials µL,R which account for an applied bias voltage. Tunneling
between the reservoirs and the quantum dot/molecule is mediated by the hybridization
term which is typically taken to be k-independent. Importantly, the parameters of the
Anderson model can directly be related to microscopic properties of the system un-
der consideration. Furthermore transport setups allow a controlled external variation of
these parameters, e.g. by a gate voltage that shifts the addition energy of the quantum
dot/molecule or a magnetic field that lifts spin degeneracies.
In Chapter 4 we consider an Anderson-type model where we replace the single or-
bital by a set of orbitals originating from different parts (transition metal ions and or-
ganic ligands) of a grid molecule characterized by different charging and orbital ener-
gies.
In Chapters 5 and 6 the single impurity level is replaced by a split spin manifold with
charge dependent anisotropies which is motivated in the following section.
2.2 Spin Hamiltonians
An effective spin Hamiltonian approach was first introduced to understand the results of
electron paramagnetic resonance (EPR) experiments on crystals of magnetic molecules.
Single molecular magnets are molecules containing transition-metal ions whose spins
are so strongly exchange coupled that at low temperature each molecule behaves like a
single-domain particle with fixed total spin. One of the most interesting phenomena dis-
played by these systems is quantum tunneling of the direction of the total spin through
the magnetic energy barrier. The measured steplike magnetization curves of Mn12 and
Fe8 provided macroscopic evidence of relaxation through quantum tunneling. The latter
is revealed by resonances observed in the relaxation rate at specific values of an exter-
nal magnetic field, at which energy levels on opposite sides of the anisotropy barrier are
nearly degenerate and anticrossings in the field dependence of the energies occur. Such
systems allow also the study of other theoretical concepts, e. g. the tunneling of the
Ne´el-vector in antiferromagnetic molecules [GS03]. Examples of such molecules are
shown in Fig. 2.2.
EPR experiments demand the knowledge of various physical quantities and their
dynamical response. Therefore an identification of microscopic parameters on a Hamil-
tonian level is very difficult and effective models have been developed. One possibility
is to map the low energy spectrum of a single magnetic molecule onto an effective spin
model based on symmetry considerations, similar to the mapping of a two-level sys-
tem onto a spin-1/2. In this picture the effective spin Hamiltonian describes the physics
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(c) (d)
Figure 2.2: Gallery of single molecule magnets. Ferromagnetic molecules: (a) Mn12
with S = 10 and (b) the so-called ferric star (FeFe3L6) withS = 5. Antiferromagnetic
molecules: (c) [2×2]-grid with S = 0 and (d) the so-called ferric wheel (CsFe8) with
S = 0.
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Figure 2.3: Coupling scheme for the calculation of spin manifolds of Mn12.
of a pseudo-spin. The experimental data can be fitted to it taking successively higher
powers of the spin operator into account. However, it is not obvious how the molecular
pseudo-spin can be coupled to the electron spins of an external electrode.
Therefore another approach which is physically easier to interpret is needed. It is
well-known for a single magnetic ion [AB70] that ligand-field effects lead to a split-
ting of the ground state spin-manifold due to spin-orbit and spin-spin interactions. Us-
ing projections operator techniques [GS03] an effective Hamiltonian for the ground
state spin-manifold of a single magnetic molecule can be derived which incorporates
the anisotropy of the single magnetic ions. Importantly, for this approach the con-
straint of an effective spin can be dropped and the effective molecular spin coincides
with the real spin of the molecule provided the orbital angular momentum is quenched
and well-separated from all excited states. This is a good approximation for transition
metal ions where the ligand field is much stronger than the spin-orbit coupling. Excited
state spin manifolds can be calculated by considering exchange interactions between the
ions [PPH04], see Fig. 2.3.
In the following we outline the derivation of the spin Hamiltonian for a single ion
with a quenched orbital momentum L = 0. The ground state |0〉 can be decomposed
into an orbital part and a spin part which accounts for the (2S + 1) spin degeneracy:
|0〉 = |L = 0〉L|S〉S. The splitting of the spin manifold can be understood by consid-
ering the electronic perturbations due to spin-orbit coupling VLS, spin-spin interaction
VSS and the electronic Zeeman interaction VeZe, as well as nuclear perturbations due to
the nuclear Zeeman interaction, quadrupole and magnetic hyperfine interactions. Since
in three-terminal transport setups the typical temperature (T > 100mK) is large com-
pared to the energy scale of the nuclear interactions we consider only the electronic
contributions. However, an incorporation of nuclear effects is required for the calcula-
tion of spin-relaxation times in SMMs which are important in the context of quantum-
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computing [LL01a] and also influence the transport if the relaxation time is compara-
ble to the electron tunneling time. Experiments which consider nuclear interactions in
clusters of SMMs have been recently reported [MBB+04]. The extension of the spin
Hamiltonian derived below to incorporate nuclear effects can be done in a straightfor-
ward way [AB70].
In the following we derive the effective spin Hamiltonian focusing on the electronic
perturbations given by
VLS = λL · S (2.5)
VSS = −λ′
∑
i,j=x,y,z
(
1
2
[Li, Lj]+ − 1
3
L(L + 1)δi,j
)
SiSj (2.6)
VeZe = gsH · S +H ·L (2.7)
where L is the orbital momentum, S the spin andH the magnetic field. Treating these
perturbations up to second order and integrating out the orbital degrees of freedom one
obtains:
HS = −dijSiSj + gijHiSj (2.8)
Here we defined (- the origin of the various terms in indicated below the underbraces):
dij = λ
2Λij︸ ︷︷ ︸
spin-orbit
interaction
+ λ′lij︸︷︷︸
spin-spin
interaction
− λλ′(Λ′ij + Λ′ji)︸ ︷︷ ︸
spin-orbit and
spin-spin
interaction
(2.9)
gij = gSδij︸︷︷︸
spin Zeeman
interaction
− 2λΛij︸ ︷︷ ︸
spin-orbit and
orbital Zeeman
interaction
(2.10)
where
Λij =
∑
k
L〈0|Li|k〉L L〈k|Lj|0〉L
Wk −W0
lij =
1
2
L〈0|[Li, Lj]+|0〉L − 1
3
L(L + 1)δij
Λ′ij = −
i
2
∑
kl
ikl
∑
m
L〈0|Ll|m〉L L〈m|[Lj, Lk]+|0〉L
Wm −W0
Higher order terms in the spin operator can be generated in a similar fashion by consid-
ering the next-leading orders perturbation theory. The tensors d, g are symmetric and
can be transformed onto the same principal axes.
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A cluster containing N interacting paramagnetic centers can be described by the
following spin Hamiltonian,
H =
∑
m
Hm +
∑
m<n
Hmn (2.11)
where Hm is the Hamiltonian of the individual centers and Hmn is the interaction
Hamiltonian between two spins. It includes the isotropic and anisotropic Heisenberg
exchange, the local crystal/ligand field and intranuclear dipole-dipole interactions. It
can be shown[Dzy58, Mor60, AB70, BG90] that the interaction part can be rewritten as
Hmn = JmnSm · Sn + Sm ·Dmn · Sn (2.12)
where Jmn are the isotropic exchange integrals andDmn is the dipolar tensor which rep-
resents the anisotropic intracluster spin-spin interactions. The dimension of the Hamil-
tonian (2.11) is typically of the order 106 and therefore the problem is hard to solve.
Since in contrast to the anisotropic terms the Heisenberg exchange is rotationally in-
variant and conserves |S| the spectrum of the total Hamiltonian (2.11) consists of a
series of spin multiplets with a nearly conserved spin. In this strong-exchange limit the
mixing of S multiplets is not taken into account [CLM+04]. The projection onto the
ground state spin multiplet gives
HS = −DS2z +B2(S2x − S2y) +
∑
i=x,y,z
giHiSi (2.13)
This effective spin Hamiltonian describes the splitting of the ground state spin manifold
due to the above introduced perturbations. The easy axis anisotropy (chosen as z-axis),
the first term on the right hand side in Eq. (2.13), splits the ground state spin manifold
such that the lowest states have maximal spin projection. The energy barrier penalty for
magnetization reversal is called magnetic anisotropy barrier (MAB), and typical values
for the anisotropy constant D are ∼ 0.01− 0.1meV. The second term on the right hand
side of Eq. (2.13) describes transverse anisotropies that arise due to geometrical devia-
tions from perfect uni-axial symmetry of the molecule. Importantly, these perturbations
can be rewritten using S± = Sx± iSy making evident that such a perturbation splits the
Hilbert space into two subsets which will be discussed in Chapters 7 and 8 together with
the effect of higher order transverse perturbations in more detail. Typical values for B2
are ∼ 10−3 − 10−7meV.
Importantly the spin Hamiltonian obeys time reversal symmetry since all pertur-
bations, Eqs. (2.5) to (2.7), are invariant under time reversal which is defined by
T |S,M〉 = (−1)M |S,−M〉. Hence in the absence of a magnetic field the eigenstates of
the spin Hamiltonian in Eq. (2.11) are at least twofold degenerate for a half-integer
spin due to Kramers theorem and pairs of degenerate states are connected by time
reversal. A direct consequence is the absence of quantum tunneling for half-integer
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spin [LDG92, CL98]. Applying a magnetic field induces degeneracies of magnetic en-
ergy levels called diabolical points [KG01a, Bru06] for both half-integer and integer
spin. In the latter the generalized Kramers degeneracy [LL01b] leads to Berry phase in-
terference effects for a large class of magnetic anisotropies which has been shown exper-
imentally [WS99] and explained theoretically [Bru06]. It can be shown in general that
if a hermitian Hamiltonian depends on three external real parameters, such as the three
components of the magnetic field, degeneracies can be found only for isolated values of
the magnetic field, and therefore constitute a set of measure zero [vNW29, Bru06].
An extension of the spin Hamiltonian including contributions from orbital momen-
tum is possible and essential to describe experiments with so-called double-decker
molecules.
In Chapters 5 to 8 we use the above introduced spin Hamiltonian to analyze the
interplay of tunneling electrons with the molecular spin taking into account both easy
axis and transverse magnetic anisotropies.
2.3 Kondo Hamiltonian
In the mid 60s Kondo discussed a spin-exchange model [Zen51] in order to explain
the minimum in the resistivity of metals including magnetic impurities as function of
the temperature [Kon64] which was observed already thirty years earlier and no satis-
factory theoretical explanation was found so far. Since phonon excitations freeze out
with decreasing temperature a saturation of the resistance due to impurity scattering
was expected at T = 0. However, Kondo was able to show that divergences due to
spin-scattering of magnetic impurities (typically a 3d transition metal) occur in third
order perturbation theory in the exchange coupling indicating an enhancement of the
resistivity.
The Kondo or s − d model describes the exchange interaction Jkk′ of a single local
moment impurity S with the conduction band electrons Hres =
∑
kσ kσc
†
kσckσ:
Hsd =
∑
kk′
Jkk′
(
S+c†k↓ck′↑ + S
−c†k↑ck′↓ + S
z(c†k↑ck′↑ − c†k↓ck′↓)
)
(2.14)
and shown in Fig. 2.4. The Kondo model is connected to the Anderson model in the
local moment regime by a canonical transformation, the Schrieffer-Wolff transforma-
tion [SW66]. Empty and doubly occupied states are eliminated and the resulting effec-
tive Hamiltonian describes the low energy spectrum of a single occupied orbital.
In order to overcome the divergencies in Kondo’s perturbative approach several attempts
were made c.f. [Hew93]. Anderson [And70] performed a perturbative scaling analysis
of the Kondo problem, the poor man’s scaling approach, which allowed to determine
2.3 KONDO HAMILTONIAN 19
Figure 2.4: Kondo spin-flip scattering. The incoming electron (k ↑) flips the impurity
spin from ↓ to ↑ and is scattered to (k′ ↓).
the Kondo temperature TK ∼ exp (1/(2ρJ)) i.e. the energy scale where the perturba-
tion theory diverges. This approach describes the physics for T > TK adequately and is
discussed in detail in Chapter 3.
For temperatures T < TK the nature of the ground state was still unknown until Wil-
son [Wil75] developed a non-perturbative approach, the numerical renormalization group
(NRG). Based on a logarithmic discretization of the conduction band the Kondo Hamil-
tonian can be solved iteratively. This approach allowed for a determination of the ground
state properties for temperatures below TK and furthermore the concept of universality
was introduced. We outline the key ideas of this approach in Chapter 3.
Nozie`res [NB80] interpreted Wilson’s numerical results in terms of a Fermi liquid the-
ory which provides a rather simple picture for the many-body ground state: in the strong
coupling limit the Kondo state consists of a screened impurity which is decoupled from
the rest of the conduction band. The degeneracy of the ground state depends on the
impurity spin S, e.g. for S > 1/2 the screening due to the conduction band electrons
leads to a total spin S − 1/2.
In the last decade the Kondo problem experienced a revival [KG01b]. The Kondo ef-
fect for transport [GR88, NL88] through one dimensional systems turns into a zero bias
conductance anomaly since it opens a new conductance channel. It has been studied ex-
perimentally in quantum dots [GGSM+98, COK98, SBK+99, SWEvK00, vdWdFF+00]
and single molecules [PPG+02, LSB+02, YN04b]. Exotic Kondo effects in heavy
fermion systems including more than one conduction band channel, leading to non-
Fermi liquid physics, as well as spins S > 1/2 and electric/magnetic crystal field
anisotropies have also been studied extensively [CZ98].
In Chapters 7 and 8 we study a combination of the Kondo Hamiltonian and the above
introduced spin Hamiltonian in order to describe how the intrinsic spin anisotropies of
single-molecule magnets influence electron transport.
Chapter 3
Methods
In order to study the above introduced models we use (i) a stationary master equation
approach which captures the non-equilibrium physics correctly in the limit of a weak
coupling between reservoir and molecule, (ii) a poor man’s scaling analysis which de-
scribes the crossover from weak to strong coupling allowing an evident explanation of
the relevant processes and (iii) the numerical renormalization group (NRG) which is a
non-perturbative method. In the following we present these approaches in more detail.
3.1 Master equation approach
Master equations and golden rule theory are used in various fields in physics, e. g. in
quantum dot physics, laser physics and atomic physics [Sch97, Blu81]. In this section
we review briefly this approach which we apply in Chapters 4, 5 and 6 in the lowest or-
der perturbation theory in the tunneling Htun between reservoir Hres and molecule Hmol
thereby considering a Hamiltonian H = Hres + Hmol + Htun. It captures the effects of
the molecular degrees of freedom on sequential tunneling electrons, i.e. it allows for a
calculation of the non-equilibrium occupations of the molecular states and the current.
We start the derivation with the equation of motion for the density operator in the inter-
action representation ρI(t)
dρI(t)
dt
= −i [Htun I, ρ(t)] . (3.1)
After integration and iteration we obtain
dρI(t)
dt
= −i[Htun I(t), ρI(0)]−
∫ t
0
dt′
[
Htun I(t), [Htun I(t
′), ρI(t′)]
]
(3.2)
Since we are interested in the weak tunneling regime a perturbative expansion up to
second order in the tunneling Hamiltonian is sufficient. Higher order terms can be gen-
erated in the same way and are of interest in the co-tunneling regime [KSS97, KSS98].
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We assume that the tunneling between reservoir and molecule is switched off initially
and the full density matrix can be written as a direct product of the reduced density ma-
trix of the molecule ρmol I(t) = trresρI(t) and the reservoir ρres. Since the kinetic equation
Eq. 3.2 is still hard to solve, i.e. it is non-Markovian, further approximations for the in-
tegrand have to be introduced: (i) Since the tunneling Hamiltonian is time-independent
the integrand depends only on the relative time τ = t − t′. (ii) It is assumed that the
variation of the integrand is much faster than the variation of the reduced density opera-
tor. (iii) The initial time t0 is sent to t0 → −∞. We therefore obtain following equation
of motion for the reduced density operator ρmol (in the Schro¨dinger representation):
dρmol(t)
dt
= −i[Hmol, ρmol]− trres
∫ ∞
0
dτ
[
Htun,
[e−i(Hmol+Hres)τHtunei(Hmol+Hres)τ , ρmol(t)⊗ ρres]
]
(3.3)
Integrating out the reservoirs’ degrees of freedom and introducing the eigenstates of the
molecular Hamiltonian |s〉with energyEs, the tunneling-in rateW r,+s,s′ and the tunneling-
out rate W r,−s,s′ are given by
W r,+s,s′ = 2piρ
∑
σ
fr(Es − Es′)|T σss′|2 (3.4)
W r,−s,s′ = 2piρ
∑
σ
(1− fr(Es − Es′))|T σs′s|2 (3.5)
where T σss′ =
∑
j tj〈s|d†jσ|s′〉, ρ is the reservoir density of states and the Fermi function
of reservoir r with temperature T is fr(x) = 1/(ex/T + 1). Importantly the matrix
elements T σss′ obey the spin-selection rules for the total spin|Ss − Ss′| = 1/2 and the
spin projection |Ms −Ms′| = 1/2 as well as for the charge state |Ns − Ns′ | = 1. In
Chapters 5 and 6 the eigenstates of the molecular Hamiltonian are spin eigenstates. We
therefore decompose the matrix elements in T σss′ using the Wigner-Eckhart theorem into
a spin and an orbital part, for example:
〈N ′, S ′,M ′|d†jσ|N, S,M〉
= 〈N + 1, S + 1
2
,M +
σ
2
|d†jσ|N, S,M〉
=
1√
2S + 1
〈S + 1
2
,M +
σ
2
|1
2
,
σ
2
;S,M〉︸ ︷︷ ︸
spin part
〈N + 1, S + 1
2
||d†jσ||N, S〉︸ ︷︷ ︸
orbital part
(3.6)
The spin-part is evaluated using the Clebsch-Gordan coefficients and the reduced matrix
elements of the orbital part can be incorporated in a common factor that sets the scale
of the tunnel rate.
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In order to determine the stationary, non-equilibrium occupations Ps of the molecule
states s Eq. (3.3) one has to solve the set of master equations∑
s′
(Ws,s′Ps′ −Ws′sPs) = 0 (3.7)
where Ws,s′ =
∑
rW
r,+
s,s′ + W
r,−
s,s′ . The current can also be expressed in terms of the
molecular occupation probabilities and the tunneling rates:
Ir = i[H,Nr] = −
∑
s,s′
(
W r,+s,s′Ps′ −W r,−s′s Ps
)
. (3.8)
The shot noise can also be determined from the stationary solution of Eq. (3.7). We
define W˜ which is identical to W but with one row s0 replaced with Γ. The zero-
frequency current noise (es = 1) [THKS03]
S = eT
(
W IIP +W IΠW IP
)
(3.9)
where we definedW I = ±(WRss′−WLss′) forNs ≶ Ns′ ,W II = 14(WRss′+WLss′)(1−2δss′)
and Π = (W˜ )−1Q with Qss′ = (Ps − δss′)(1− δss0).
In Chapters 4 to 6 we consider using the master equation approach how single
molecules described by the above introduced models lead to unique fingerprints in cur-
rent and shot noise (only in Chapter 6).
3.2 Poor man’s scaling
Anderson [And70] developed a perturbative scaling theory for the isotropic Kondo
model which captures the low temperature physics correctly. This is done by succes-
sively integrating out high energy degrees of freedom and thereby renormalizing the
Hamiltonian which accordingly acts on a smaller energy scale but describes the same
physics, see Fig. 3.1. In lowest order the Kondo Hamiltonian remains form-invariant
and the coupling constants become function of the bandwidth. Anderson derived a scal-
ing equation for these running couplings which lead to a divergence for finite bandwidth.
This signals the breakdown of the perturbative approach, however the corresponding en-
ergy scale, the Kondo temperature, is qualitatively correct.
In the following we explain Anderson’s approach in more detail. We want to derive
an effective Hamiltonian where virtual electron scattering processes to the band edges
are integrated out. This can be done using Brillouin-Wigner perturbation theory:
Heff = H11 +H10
1
E −H00H01 +H12
1
E −H22H21
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Figure 3.1: Anderson poor man’s scaling procedure.
Here H01 and H21 describe processes where an electron is scattered to the band edges
(−W0 + δW and W0 − δW ), for example
H12 = J
∑
k,q
S+c†q↓ck↑ + S
−c†q↑ck↓ + Sz(c
†
q↑ck↑ − c†q↓ck↓).
Scattering into an empty state at the top of the band q ∈ (W0−δW,W0) can be evaluated
in the following way:
H12
1
E −H22H21 =
∑
k,k′,q,q′
Sαsαk′,q′
J2
E −H22S
βsβq,k
=
∑
k,k′,q,q′
∑
σ,σ′,τ,τ ′
J2
−W0S
αSβc†k′σ′cq′τ ′c
†
qτckστ
α
σ′τ ′τ
β
τσ
=
∑
k,k′
J2ρ
|δW |
W0
(
Sγsγk′k −
3
4
∑
σ
c†k′σckσ
)
,
where we used that s =
∑
kk′
∑
σσ′ c
†
kσ(
1
2
τ )σσ′ck′σ′ and τ is the Pauli-matrix vector.
Furthermore we approximated 1
E−H22 ≈ 1−W0 which is valid as long as the bandwidth
W0 is the largest energy scale. Virtual tunneling processes to the bottom of the band
[q ∈ (−W0,−W0 + δW )] give the same contribution for the spin scattering part but
importantly the potential scattering part has opposite sign and therefore cancels out of
the problem. These steps can be repeated which leads to a scaling equation
dJ
d lnW
= −2ρJ2
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that follows immediately from a comparison between the initial and the effective Hamil-
tonian. The Kondo temperature, defined as the energy scale where the running coupling
diverges, is given by
TK = W0e
−1/(2ρJ0) (3.10)
where J0 is the initial exchange coupling. The Kondo temperature describes (approxi-
mately) the energy scale where the crossover from weak to strong coupling takes place.
In the latter limit the Kondo temperature is the only relevant energy scale. The system
does no longer depend on its initial microscopic values and all physical quantities can
be expressed in terms of universal functions [Wil75]. Nozie`res [NB80] argued that the
ground state in the strong coupling regime consists of a screened spin and an electron
chain, i. e. it is a Fermi liquid.
In Chapter 7 we perform a modified poor man’s scaling analysis for a Kondo Hamil-
tonian including a spin Hamiltonian which models a single molecule magnet. It turns
out that such a generalization leads to complete anisotropic scaling equations. However,
the running couplings flow to the strong coupling limit except for a special, symmetric
situation.
3.3 Numerical renormalization group
Wilson succeeded to construct a non-perturbative solution of the Kondo model in the
early 1970’s [Wil75], the numerical renormalization group (NRG). He noticed that in
quantum field theories of elementary particles logarithmically divergent integrals
∫
dE
E
occur due to the absence of characteristic energy scales. Hence all energy scales are
locally coupled, i. e. the high-energy physics influences the low-energy physics and
vice versa. However, the physical idea underlying his NRG approach is that the physics
for certain energy scales remains the same if the latter is adjusted properly. In addition,
he observed that certain physical processes tend to become irrelevant when the energy
scale is changed.
Based on this he developed the NRG. The basic idea is to couple the impurity to
a logarithmically discretized conduction band (Fig. 3.2), the Wilson chain, and solve
the problem iteratively. The advantage of such a procedure is that a small parameter is
introduced, proportional to the inverse of the discretization parameter Λ, that allows for
a separation of energy scales.
In the following we explain Wilson’s procedure briefly. Nowadays the NRG is a
well-known tool for solving quantum impurity problems and for details about this ap-
proach we refer to [Wil75, HRKmW80a, HRKmW80b, Hof00b]. Additionally we show
how we have modified the NRG procedure to incorporate an arbitrary impurity spin.
This becomes necessary if one wants to describe transport through single molecule mag-
nets with a large spin, see Chapters 7 and 8.
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Figure 3.2: Logarithmic discretization of the conduction band (−W,W ) and constant
density of states ρ().
The starting point of the NRG is the logarithmic discretization of the continuous
conduction band: It is divided into intervals [ln+1, ln] and [−ln,−ln+1] with ln = WΛ−n
where 2W is the bandwidth and Λ is the discretization parameter (throughout the work
we choose Λ = 2). Wilson showed that the discretization becomes exact if Λ→ 1. It is
convenient to perform a Lanczos tridiagonalization of the conduction band which maps
the discrete model onto a semi-infinite Wilson chain (with operators anσ and a†nσ). The
resulting Hamiltonian has the form
H = JS · s+
∑
nσ
tnσ(a
†
n+1σanσ + h.c.) (3.11)
The main advantage of this procedure is that the hopping matrix elements decrease
exponentially as tn ∝ Λ−n/2. This allows for an iterative diagonalization of the Hamil-
tonian starting at large energy scales and proceeding to small energies near the Fermi
energy:
HN = Λ
(N−1)/2
(
JS · s+
∑
σ
N−1∑
n=0
tnσ(a
†
n+1σanσ + h.c.)
)
(3.12)
which defines the RG procedure
HN+1 = Λ
1/2HN +
∑
σ
ΛN/2tN (a
†
N+1σaNσ + h.c.). (3.13)
The solution of the full problem is then obtained in the limit
H = lim
N→∞
Λ−(N−1)/2HN . (3.14)
The number of iterationsNiter is related to the energy scale of interest by kBT ∼ Λ−N/2.
Of course, the Hilbert space grows with each iteration and not all states can be kept.
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Figure 3.3: Example for the NRG level flow as function of the iteration number Niter.
The system is flowing to the stable Fermi liquid fixed point (Niter > 45).
Therefore Wilson suggested a truncation procedure which accounts for the decrease of
the hopping matrix elements: only the lowest energy states are kept. In this thesis we
use 1000-1500 states.
In order to generalize Wilson’s procedure to deal with an arbitrary spin on the im-
purity one only has to modify the first iteration step Niter = 0 where the impurity
is coupled to the conduction band. First one diagonalizes the the impurity part. In our
case the eigenstates will be linear combinations of spin states. In the second step the im-
purity is coupled to the conduction band by the Kondo exchange term. In our case of an
impurity spin S > 1/2 the matrix elements can be calculated using the Wigner-Eckhart
theorem and Clebsch-Gordan coefficients. The remaining NRG steps are completely
similar to the standard procedure.
In this thesis physical quantities of interest are the Kondo temperature TK and the
linear conductance G = dI
dVbias
. The former can be defined as the energy scale where
the crossover in the NRG level flow to the strong coupling (Fermi liquid) fixed point
takes place, see Fig 3.3. The linear conductance, for low temperature proportional to
the spectral function, is calculated within the T -matrix approach [Cos00]:
Aσ(ω) = − 1
pi
ImTσ(ω + iδ) (3.15)
where the T -matrix is
Tσ(ω) = 〈〈Oσ;O†σ〉〉 (3.16)
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Figure 3.4: Example for the spectral function as function of the frequency ω. The Kondo
temperature is defined from the half-width at half maximum of the zero-frequency peak.
with
Oσ =
J
2
a0,−σS−σ + σ
J
2
a0,σSz (3.17)
and a0,σ =
∑
k ak,σ is the electron operator on the first site of the Wilson chain. The
low temperature conductance
G = −1/2
∑
σ
∫
dωAσ(ω)df(ω)/dω (3.18)
is proportional to the spectral function and the Fermi function is given by f(ω) =
1/(eω/T + 1). Resonant spin-flip scattering leads to the Kondo resonance at zero fre-
quency. The corresponding Kondo temperature can be defined as the half-width at half-
maximum, see Fig. 3.4.
Since for our purpose we only need to consider the spectral function in the limit
of small frequencies, the conventional NRG procedure gives similar results as the DM-
NRG [Hof00a]. The calculation of the T -matrix requires an enhanced numerical effort
since several additional matrices have to be transformed in each NRG iteration, for
details see Appendix A. In addition, incorporating symmetries of the studied system
in the NRG code leads to an acceleration of the procedure. Unfortunately the systems
studied in this thesis within this approach conserve only the particle number and the
spin, and the conservation of the spin projection is lifted.
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The NRG output for the spectral function is usually a series of δ-functions for each
iteration. We first collect matrix elements in the relevant energy scale from different
iterations with a proper weight, c.f. [RBV01]. In this way information from early iter-
ations on small energy scales is also taken into account. In the next step we broaden
the δ-functions to obtain a continuous function. It was shown that a logarithmic Gaus-
sian broadening leads to the best results [SSK89] since the logarithmic Gaussian is not
symmetric around its center and suppresses low energies even stronger than a Gaussian
does. This is favorable in the NRG since it proceeds from higher to lower energies. The
broadening function we use is
δ(ω − ωn)→ e
−σ2/4
σωn
√
pi
exp
[
−(lnω − lnωn)
2
σ2
]
(3.19)
with values for σ = 0.5− 0.6.
In Chapters 7 and 8 we perform NRG calculations to analyze the Kondo effect in sin-
gle molecular magnets. In Chapter 7 we demonstrate by analysis of the NRG level flow
that the Kondo temperature depends sensitively on the intrinsic molecular anisotropies
and spin. In Chapter 8 we perform transport calculations using the T -matrix approach
and show reentrant behavior of the Kondo effect in the presence of a magnetic field.
Part II
Results
Chapter 4
Charge-switchable molecular magnet
and spin-blockade of tunneling
We analyze a model for a metal-organic complex with redox orbitals centered both at
the constituent metal-ions and ligands. We focus on the case where electrons added to
the molecule go onto the ligands and the charge fluctuations on the metal-ions remain
small due to the relative strong Coulomb repulsion. Importantly, if a non-zero spin is
present on each metal ion it couples to the intramolecular transfer of the excess electrons
between ligand orbitals. We find that around special electron fillings, addition of a
single electron switches the total spin Stot = 0 to the maximal value supported by
electrons added to the ligands Stot = 3/2 or even Stot = 7/2 for metal-ions with spin
1/2. This charge-sensitivity of the molecular spin is a strong correlation effect due to the
Nagaoka mechanism. Fingerprints of the maximal spin states, either as ground states or
low-lying excitations, can be experimentally observed in transport-spectroscopy as spin
blockade at low bias voltage and negative differential conductance and complete current
suppression at finite bias, respectively.
4.1 Introduction
Recent experiments on metal-organic grid complexes, consisting of rationally designed
ligands and metal ions as building units have exhibited interesting magnetic [WZT02,
WCS+04, GCS+04, Wal05], electrochemical [RRRS+04, ZMTH00] and and transport
properties [ASD+05]. By self-assembly the metal ions and ligands arrange in a rigid,
highly symmetric grid, see Fig. 4.1. Due to their different nature, electron orbitals can
often be roughly attributed either to the metal-ions or the ligands. Such a separation has
been used successfully to describe the low-temperature intramolecular spin coupling
of Co-[2 × 2] grids [WHM+97, WRZL] and Mn-[3 × 3] grids [WCS+04, GCS+04,
Wal05] for a fixed charge state as well as the electrochemical properties of (Mn, Fe,
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Figure 4.1: Structure of the [2× 2]-grid-type complex.
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Co, Zn)-[2 × 2] [BRL+00, RBB+03, RBL+03] and Mn-[3 × 3] grids [ZMTH00] and
STM measurements on a Co-[2 × 2] grid [ASD+05]. For such complexes it is well-
known [Vlcˇ82] that both the pyridine-ligands as well as metal ions can be reduced.
Which type of redox site is preferred depends on chemical details which can be con-
trolled, mainly by substitution of metal ions and modification of the ligand[RBB+03].
This raises the interesting question whether magnetic states can be associated with ex-
tra electrons added to the ligands. Another question concerns the effect of the mo-
tion of the excess electrons [HWWS03] on different equivalent redox sites. Finally
the observation of high-spin states in three-terminal transport experiments on single
molecules [PPL+00, PPG+02, LSB+02, PPC+05, HdGF+06b, vdZKP+06, JGD+,
YN04b, YN04a, YKC+04] is of interest. In such a setup, the number of electrons
on the molecule can be controlled electrostatically with a gate voltage, which opens up
the possibility of single-molecule spin-switching. In addition, the bias voltage induces
a current which is sensitive to the spin.
Here we analyze a phenomenological low temperature model for a [2×2] grid molecule
consisting of four ligands “holding” either four metal zero-spin ions (Fe-grid) or four
spin-1/2 ions (Co-grid). This is sketched in Fig. 4.2. We show that (i) the molecular spin
can be highly sensitive to the charge added to the ligands and can therefore be switched
electrically, (ii) if open-shell metal-ions are present between the ligands their spin de-
grees of freedom may also be switched and (iii) the spin-splitting gives rise to clear
fingerprints in tunneling spectroscopy due to spin blockade physics. For the particular
geometry / connectivity of the redox orbitals in a [2 × 2] grid, the Nagaoka mecha-
nism [Nag66] becomes effective, but only for special numbers of added electrons. Due
to the strong electrostatic interaction the delocalization of an extra hole / electron (rela-
tive to half-filling) favors a fully polarized background of all other electrons. This may
dominate over the antiferromagnetic superexchange processes. In the context of band-
magnetism the relevance of the Nagaoka mechanism is limited due to its lattice type de-
pendence [Tas98] and its strong charge sensitivity. Only for a single additional electron
or hole relative to a half-filled band, the spin-polarization effect can be guaranteed. In
single-molecule devices, however, the strong charge sensitivity is of great interest, since
the issues of the control of the charge and the geometry can be overcome. Firstly, the
advanced rational design of supramolecular structures allows complex “lattice” types to
be realized [Leh95, RRRS+04]. Secondly, due to the energy- and charge-quantization
one can modulate the total charge of a molecule by a single electron [PPL+00, PPG+02,
LSB+02, PPC+05, HdGF+06b, vdZKP+06, JGD+, YN04b, YN04a, YKC+04].
In this paper we show that sufficiently strong short-range interaction on the ligands (rel-
ative to the ligand-ion tunneling) increases the ground state spin from Stot = 0 to the
maximal value supported by 3 (or 5) extra electrons on the molecule, Stot = 3/2 for
the Fe-grid, resp. Stot = 7/2 for the Co-grid. The spin properties of the molecule
can thus be controlled electrically [ASKA02, HSA03, IHA+00]. In single electron
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tunneling transport this high-spin ground state leads to spin blockade at low bias volt-
age [WHK95]. In addition, even for a low-lying maximal spin excitation negative dif-
ferential conductance (NDC) effects and complete current suppression at finite bias
voltage occur. Here we link such transport fingerprints to the Nagaoka effect and
the spin-excitation spectrum of the grid in adjacent charge states. We note that the
transport effects of magnetic states [HdGF+06b, JGD+] were recently predicted to
give rise to rich transport signatures even for the most simple spin-Hamiltonian mod-
els [RWHS06, RWS06] taking into account magnetic anisotropy in a single spin S mul-
tiplet. Here we focus on effects related to different spin-multiplets with energy sepa-
ration much larger than the magnetic anisotropy splittings which we neglect. We em-
phasize that the situation considered here is different from that in the STM experiment
in [ASD+05] where the transport is due to electrons extraction from metal-ions in the
grid. Here we consider the case where the electrostatic environment and the modified
ligands favor electron addition to the complex by reduction of ligands, which has been
observed in a number of electrochemical experiments. Also, in the three-terminal de-
vice discussed here the more symmetric coupling leads to pronounced non-equilibrium
effects.
We will first discuss the model (Sec. 4.2) and the resulting energy and spin spectra
(Sec. 4.3). For an illustrative case we discuss the transport in detail (Sec. 4.4).
4.2 Model
We consider a model of a grid-complex with four metal and four ligand sites. The
simplest model capturing the physics of interest takes into account one orbital per site
(Fig. 4.2). For a grid complex the local symmetry of the ligand field at an metal ion
typically is lower than octahedral so that the extra electron in a Co2+ ion (with respect
to Fe2+) occupies a non-degenerate orbital, see Fig. 4.3. We assume that this electron
accepting d-orbital is separated energetically from ligand orbitals. Each metal-ion or-
bital which we account for is thus either unoccupied (Fe-grid) or occupied (Co-grid)
and carries a spin 0 (Fe-grid) or 1/2 (Co-grid) (Fig. 4.3). The Coulomb repulsion on
the ions is typically much stronger than on the ligands. Therefore the charge on each
ion is fixed, but their spin degree of freedom has to be kept. In contrast, on the ligands
only the total number of electrons is fixed while charge rearrangements remain possible
which involve tunneling across the intermediate metal ions which carry a spin in the
case of the Co-grid model. This is the basic physics which we want to investigate. The
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Figure 4.2: Grid molecule: small/large circles represent metal-ion/ligand orbitals.
Figure 4.3: Orbital configuration of transition metal-ions and ligands.
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following Hamiltonian captures the features of the electronic degrees of freedom:
H = HT +HL +HFe/Co +Hdir +HV, (4.1)
HT =
∑
〈i,j〉
∑
σ
t A†i,σaj,σ + h.c. (4.2)
HL =
4∑
j=1
(nj + unj,↑nj,↓ + v njnj+1)
+ w
2∑
j=1
njnj+2 (4.3)
HFe/Co =
4∑
i=1
(ENi + U Ni,↑Ni,↓) (4.4)
Hdir = −2F
∑
〈i,j〉
(Sisj,j +
1
4
Ni nj) (4.5)
HV = V
∑
〈i,j〉
Ni nj. (4.6)
In Fig. 4.2 all interactions in the model are schematically indicated. Operators and vari-
ables (except t) in lower/upper case relate to the ligands/metal ion and all indices run
from 1 to 4 cyclically. 〈i, j〉 denotes a summation over neighboring metal ions i and lig-
ands j. The operator a†jσ creates an electron on ligand site j with spin σ, njσ = a
†
jσajσ
and nj =
∑
σ njσ. Similar definitions hold for the metal ions: Aiσ, Niσ = A
†
iσAiσ, Ni =∑
σ Niσ. Si is the electron spin of metal-ion i and sj,k =
1
2
∑
σ,σ′ a
†
j,στ σ,σ′ak,σ′ is an
operator related to the ligands, where τ is the vector of Pauli matrices. The tunneling
term (4.2) describes hopping between the ligands and metal ions (t < 0) and is assumed
to be independent of i and j due to molecular symmetry. The ligand-part of the Hamil-
tonian (4.3) consists of an orbital with energy , the Coulomb repulsion terms on the
ligand (u) and between adjacent (v) and opposite ligands (w). The charging energies
associated with the reduction of ligand orbitals were reported in cyclic voltammetry ex-
periments [RBB+03]. Due to decreasing overlap with distance we have u > v/2 ≥ w
(e.g. for Fe2+ u ≈ 4v ≈ 2w ≈ 0.3eV [RBB+03]). The Hamiltonian (4.4) describes
the metal ion orbitals with energy E. Here we only consider the short-range interaction
U because the d orbital overlap between two ions is typically much smaller than that
between two ligand orbitals. In order to describe the coupling of electron spins on the
metal-ions and ligands in a balanced way, we must include a direct exchange interaction
(4.5) with F > 0. This stabilizes ferromagnetic states even when it is weak [KSV96]
(see section 4.3 below). For consistency the metal-ligand charging energy (4.6) also
needs to be incorporated: in general F . V are of the same order. However, in the
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regime of interest the particle number on each metal-ion is fixed (Ni = 0 for a Fe-grid,
Ni = 1 for a Co-grid), so the second term in (4.5) and (4.6) yields a constant.
We study the parameter regime where the first eight extra electrons occupy four equiv-
alent ligand centered orbitals. Such a sequence has been well-documented in electro-
chemistry experiments for a number of grid-molecules [RBB+03]. For a Fe-grid we
must then assume that the two charge states of the ligand lie below the metal-ion orbital
energy E:
Fe-grid :  <  + u < E < E + U (4.7)
For a Co-grid the two charge states of the ligand lie between the singly and doubly
occupied states of the metal-ion:
Co-grid : E <  <  + u < E + U (4.8)
The orbital energy difference ∆ =  − E is associated with metal-ion to ligand charge
transfer (MLCT) between unoccupied metal-ion and ligand sites. In the case of a Fe-
grid ∆ < 0 and in the case of a Co-grid ∆ > 0.
In the limit |∆|  |t| (Fe-grid), resp. ∆, U −∆ |t| (Co-grid) the charge transfer be-
tween ligands and metal-ions is suppressed and some qualitative insight can be gained.
The effect of the fluctuations of the orbital occupation around zero (Fe) or one (Co),
see Fig. 4.4, can be incorporated in an effective tunnel coupling between the ligands
using 2nd order Brillouin-Wigner perturbation theory (equivalent to a Schrieffer-Wolff
transformation [SW66]). We thereby eliminate the charge degrees of freedom on the
metal-ion sites. In the resulting effective model each metal-ion sites are thus either en-
tirely eliminated (Fe) or characterized by a pure spin degree of freedom (Co). We are
left with the effective Hamiltonian (up to a constant):
HeffFe =
∑
〈jk〉
∑
σ
T a†j,σak,σ + HL (4.9)
HeffCo =
∑
i
∑
j,k=i,i+1
{
JSi sj,k +
∑
σ
Ka†j,σak,σ
}
−
∑
i
∑
j=i,i+1
FSisj,j +HL (4.10)
This model describes the low energy properties of the mobile excess electrons on the
grid. The coupling constants T , K and J are
T =
t2
2∆
K =
1
2
(
t2
∆
− t
2
U −∆
)
J =
1
2
(
t2
∆
+
t2
U −∆
)
. (4.11)
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Figure 4.4: Energy diagram: Example of a charge transfer from one ligand to another
ligand by virtual occupation of Fe2+/Co2+-ion state in the middle. Note that the MLCT
barrier ∆ =  − E is negative in the case of Fe2+ and positive in the case of Co2+.
Also, for Fe2+ the doubly occupied state with energy E + U can be neglected in the
perturbation theory.
For a Fe-grid the effective Hamiltonian is the extended Hubbard model on four ligand
sites with effective hopping matrix element T . In contrast, for a Co-grid we retain an
eight site model where the spin and charge on the four ligands are coupled to the pure
spin on the four metal-ions. The first two terms in (4.10) describe tunneling between
ligands with (J) and without a spin-flip (K), whereas the last two terms describe fluc-
tuations of the charge and spin on the ligands. Eq. (4.10) may be rewritten as:
HeffCo =
∑
σ,i
∑
j,k=i,i+1
{
(K + JσSzi )a
†
j,σak,σ + JS
+σ
i s
−σ
j,k
+(K + (J − 2F )σSzi )nj,σ + (J − 2F )S+σi s−σj,j
}
+HL. (4.12)
This makes explicit that electrons with spin σ (anti-)parallel to the local spin S i on
the metal-ion tunnel with amplitude K ± J , where J > |K| > 0 and K ≷ 0 for
∆ ≶ U
2
. Also, the direct ferromagnetic exchange (F > 0) clearly counteracts the anti-
ferromagnetic exchange coupling (J > 0) between the ligand and metal-ion spins.
The interplay of kinetic and Coulomb-interaction effects of the extra electrons on the
ligands give rise to a non-standard ferromagnetic spin coupling as will be discussed
in the next section in detail. In particular, we point out that the effective Hamiltonian
(4.10) for a Co-grid contains no explicit interaction term between the metal-ion spins:
all interactions are mediated by the electrons on the ligands. Since we want to describe
transport involving these ligand electrons we cannot use an effective spin-Hamiltonian
description here. In the absence of extra electrons on the ligands, a weak effective an-
tiferromagnetic Heisenberg exchange interaction between the spins on the metal-ions is
mediated by an empty intermediate ligand orbital. A four site Heisenberg-model with
this effective coupling has been studied in [WHM+97] and the results agree with the
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experiments on Co-grids. However, this interaction appears only in fourth-order pertur-
bation theory in the tunneling t. In our case the ligand orbitals contain one or more extra
electrons and the weak fourth order effect is superseded by the coupling, second order
in t, incorporated in our effective Hamiltonian (4.10). We also note that low-density
quantum dots, where electrons can be considered as localized in “pocket-states”, also
exhibit high-spin states and their impact on transport has been considered [Ha¨u94]. Here
however, we also consider the effect of open-shell ions with non-zero spin which me-
diate the tunneling between the ligands. Such situations were also considered in the
context of exotic Kondo effects involving dynamical symmetries in multi quantum-dot
systems [KKA04, KA02]. Finally, similar models with two types of electron orbitals
have been studied for the description of the neutral-ionic transition [TVML81] in or-
ganic crystals, in the context of ferroelectrics and superconductivity in transition-metal
oxides [IET94].
4.3 Addition energies and spin states
We now present the results for the full Hamiltonian (4.1) and the effective Hamiltonians
(4.9) and (4.10) (perturbation theory). We first study the addition energy spectra which
reflect mainly the electrostatic effects and then focus on the spin properties of the ground
states and lowest lying excited states as a function of the number of added electrons n.
4.3.1 Fe-grid
To highlight the role of the electrostatic interactions, let us first discuss the noninter-
acting limit of the effective model (4.9) for a Fe-grid (u, v, w  |T |). There are four
doubly degenerate eigenstates: one lowest orbital state at energy − 2|T |, two orbitally
degenerate states at  (due to the 4-fold symmetry axis) and the highest state at + 2|T |.
The electron addition energy spectrum consists of a pair of twofold degenerate energies
with a fourfold degenerate energy in between. The charging effects, which reflect the
geometry of the grid, give rise to a qualitatively very different addition spectrum which
can only be understood by including the interactions u > v > w in our full and effective
model. In Fig. 4.5 we plot the addition energies as a function of the tunneling amplitude
t calculated for the full model for the Fe-grid which is in qualitative agreement with the
experiments [RBB+03]. The first electron reduces one of the four ligands. The next
one goes onto the opposite ligand in order to minimize the Coulomb interaction. The
third and fourth electrons reduce the adjacent ligands. For the next four electrons this
sequence of processes is repeated, each time doubly occupying a ligand orbital. We
thus have two sets of four reduction peaks separated by a large gap of order u. Each
set of four subdivides into two pairs of closely spaced peaks (distance w) separated by
a moderate gap 2v − w < u. The tunneling between equivalent ligands only weakly
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Figure 4.5: Addition energy of Fe-grid as function of tunneling t (in units of w) for
u = 15, v = 3, w = 1,∆ = −50, U = 100 calculated from the full model (4.1).
For |t| < |∆| we are in the perturbative regime where no spin is localized on the Fe
site and the effective model (4.9) applies. This type of addition energy spectrum was
measured in electrochemical experiments [RBB+03] and is also expected in transport
spectroscopy where the size of the Coulomb diamonds is proportional to the spacings,
see also Fig. 4.9.
affects this picture when it is weak relative to the charging energies. Therefore from
here on we express all energies in units of |t|.
Now we discuss the ground state spin as successive electrons are added to the lig-
ands using the effective model (4.9). We start again from the noninteracting case
(u, v, w  |T |): filling the levels according to the Pauli principle we obtain a ground
state spin Stot = 1/2 for odd particle number n. For even n = 2, 6 the ground state spin
is Stot = 0, whereas for half-filling (n = 4) Stot = 0 and Stot = 1 are degenerate. The
initial effect of increasing the interactions u, v, w from zero is to suppress the charge
fluctuations: we obtain a Heisenberg antiferromagnet at n = 4 with a singlet ground
state for u |T | (Fig. 4.6).
However, for sufciently large u beyond a threshold, u > uFeth , see Fig. 4.7, the ground
state spin for odd n = 3, 5 is enhanced from the noninteracting value Stot = 1/2 to the
maximal possible value Stot = 3/2 (Fig. 4.6). Here the tunneling between the ligands
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Figure 4.6: Ground-state spin as function of the number of electrons n added to the
ligands for u > uth (dashed blue line = Fe-grid, black line = Co-grid) and for u < uth
(dotted red line in both cases).
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via the empty orbitals on the ions plays a decisive role: because double occupation is
suppressed, a single hole/electron (relative to the half-filled state n = 4) can maximally
gain kinetic energy when the background of the other electrons is fully spin polarized.
This ferromagnetic alignment is a many-particle effect which requires the exact diago-
nalization of the effective model. It competes with the antiferromagnetic spin coupling
due to superexchange processes. Which process dominates depends on the strength of
the onsite repulsion u relative to the hopping |T | i.e. uFeth ∝ |T |. The absolute value
of the gap |∆E| between maximal spin ground state and lowest excited state saturates
at a value ∼ 2|T | with increasing u. This is in accordance with the kinetic origin of
the effect: as soon as double occupation is suppressed the precise value of u becomes
irrelevant. This is the mechanism underlying the Nagaoka theorem [Nag66] which guar-
antees that the ground state has maximal spin if u is larger than some positive threshold
value. It applies to the effective model (4.9) because it fulfills a certain connectivity con-
dition for the lattice, namely that a so-called “exchange loop” exists which is no longer
than four sites [Tas89, Tas98]. For this mechanism to be relevant one should have both
moderate effective hopping T (i.e. a sizeable gap |∆E|) and strong onsite interaction u
which seems achievable in weakly coupled supramolecular structures such as the grids
considered here. The interaction u can be enhanced by a chemical modification of the
ligands to draw charge density onto the ligand in the LUMO orbitals. Taking typical
parameters [RBB+03] |∆| ≈ 1eV, |t| ≈ 10−1eV , we estimate uFeth ≈ 4 × 10−2eV and
the spin-gap as |∆E| & 10−2eV for u > 5 × 10−2eV which is certainly resolvable in
transport experiments.
We checked that localization of electrons counteracts the Nagaoka effect, which is ex-
pected due to its kinetic nature. For instance, increasing the interactions with neigh-
boring sites v, w increases the threshold value uFeth for the Nagaoka state to a higher but
finite value, c.f. [KSV96]. Similarly, we analyzed the effect of static disorder which is
expected to be relatively weak since the ligands and the metal-ions form a highly sym-
metric grid of equivalent centers. The Nagaoka state remains stable even if the ligand
sites become inequivalent through different MLCT barriers ∆ < |T |.
4.3.2 Co-grid
The charge addition energy spectrum which we obtain for the Co-grid is qualitatively the
similar to that the Fe-grid since it is dominated by charging effects on the ligands. In the
experiment [RBGL00] the first three reduction waves correspond to three one-electron
reductions with non-equidistant spacing (0.04 and 0.150 eV, respectively), similar to
those of Fe-grids, and in agreement with the model considered here. However, the
subsequent six one-electron reduction waves exhibit an enlarged but roughly constant
spacing 0.24-0.33 eV. This may be compared to the charging of one big “island” with
better screening and would require in our model an ad hoc change of the parameters
to u ≈ v ≈ w ≈ 0.3eV for n > 3. Obviously effects become important which are
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Figure 4.7: Fe-grid: Ground-excited state gap of the effective model as function of u for
n = 3, ∆ = −10, v = 2.25, w = 1. For u > uth ≈ 4.15 the ground state has maximal
spin.
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not included in our electronic low temperature model, e.g. adding electrons could result
in a change in the molecular geometry which will lead to different electrostatic inter-
actions. Also at the high experimental temperatures individual Co ions may be in the
high-spin state where the d-orbitals (approximate t2g symmetry) are singly occupied.
These can couple more strongly to the ligand orbitals (pi-symmetry) and increase metal-
ligand charge transfer. Clearly, these complicated issues are beyond the scope of this
paper: we are interested in the low temperature regime and assume low-spin (S = 1/2)
Co ions.
The spin properties of the eigenstates of the effective model (4.10) require a discussion
of the cooperative effect of the direct exchange and Nagaoka spin coupling. Let us first
neglect the direct exchange interaction, i.e. F = 0. Then the resulting spin spectrum
is qualitatively similar to the Fe-grid (Fig. 4.6). We have a singlet ground state at half-
filling (n = 4), and a Nagaoka maximal-spin ground state near half-filling (n = 3, 5) for
sufficiently large charging (U > u > uCoth ). At half-filling n = 4 the anti-ferromagnetic
Ne´el-state has the largest weight in the ground state. The electron spins on the metal-
ions are aligned parallel due to the presence of electrons on the ligands and vice versa.
(This is to be contrasted to the situation for the Fe-grid at n = 4, where the electron
spins on adjacent ligands are aligned anti-parallel.) The total spins of the metal-ion and
ligand sublattice couple antiferromagnetically to a singlet ground state. The appearance
of the Nagaoka state at n = 3, 5 has a different origin than in the Fe-grid since we have
“exchange loops” longer than four sites. In this case however, we have a bipartite lat-
tice (hopping occurs only between the ligand and metal-ion sublattices). This is also a
sufficient condition for the Nagaoka theorem to apply [KSV96, Tas98].
Two quantitative differences are introduced by the four spins on the bridging Co-ions
compared with the Fe-grid. Firstly, the maximal spin value attained in the Nagaoka
state is more than two times larger, Stot = 7/2. Secondly, the threshold value of uCoth for
the appearance of this state is dramatically increased, uCoth ≈ 104 (in both the full and
effective model). This is due to the antiferromagnetic exchange coupling J between
the metal-ion and ligand sublattices (discussed at the end of this section). However,
the neglect of any (even small) direct exchange represents an unbalanced treatment of
the spin coupling, since the Nagaoka mechanism and the direct exchange are known
to cooperate in the stabilization of maximal spin states [KSV96]. Fig. 4.8 shows that
increasing the direct exchange leads to a dramatic reduction of the threshold Coulomb
energy for achieving the Nagaoka state, reaching values of the same order as for the
Fe-grid, e.g. uCoth ∼ 5 for F ≈ J . Simultaneously the gap between ground and excited
state increases i.e. the high-spin state is stabilized. The excitation gap ∆E as function
of u (Fig. 4.8) saturates at values of the order of 0.2J . In this limit the direct exchange
“kicks” [KSV96] the system into the Nagaoka state. The direct exchange may also in-
duce a maximal spin state at half-filling n = 4. In this case the spin can only be switched
from 0 to 7/2 when going from n = 2 to n = 3 (or from n = 5 to n = 6). For F  J
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Figure 4.8: Co-grid-[2 × 2]-grid: Ground-excited state gap for the effective model as
function of u for n = 3, ∆ = 10, U = 100, v = 2.25, w = 1 and three different values
for the direct exchange F = 0.06, 0.065, 0.07. The non-monotonic behavior of the gap
is due to several level crossings until the Nagaoka state is the ground state (beyond the
rightmost zero). The direct exchange “kicks” the system into the Nagaoka state: the
threshold value uCoth is reduced when F → J = 0.06. Even for smaller F > 0 one still
needs u > uCoth to drive the system into the maximal spin ground state.
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Figure 4.9: Sketch of the dI/dV (Vg, V ) map as function of gate Vg and bias voltage V .
The current is suppressed inside the Coulomb diamonds.Their size scales with the vari-
ous charging energies. The suppression is due to energy and charge quantization on the
molecule. The circles indicate the gate and bias voltage regime where we demonstrate
the fingerprints of the Nagaoka state (Figs 4.10 and 4.11), not shown here.
the resulting ground state always has maximal spin (even for n = 4) independent of u
indicating the Nagaoka mechanism is not relevant anymore.
Now we discuss qualitatively the increase of uth relative to the Fe-grid case due to the
spins on the Co-ions with the ligand electrons. We consider two extreme limits.
(i) If the sublattices are well separated in energy (∆, U −∆ |t|), the effective model
(4.10) applies. From the discussion following Eq. (4.10) it is evident that the antiferro-
magnetic coupling J opposes maximal spin states, hence uCoth is increased. (ii) If the two
sublattices are nearly equivalent (∆, U − u  |t|) we have to consider the full model.
Nagaoka’s mechanism is now ineffective because the “exchange paths” are longer than
four sites [Tas98]. This implies also a very large uCoth to stabilize the Nagaoka state.
4.4 Transport
Above we found that the geometry of the molecule (connectivity of the redox orbitals)
and the strong charging effects lead to maximal spin states for n = 3, 5 extra electrons
whereas for n = 2, 4, 6 the spin is zero. We can restrict our attention to the transport in
the bias and gate voltage regimes where these states are important. This is highlighted
in the sketch of the conductance map by the circles in Fig. 4.9. Due to approximate
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electron-hole symmetry with respect to the n = 4 state (cf. Fig. 4.6) we only need to
consider n = 2, 3, 4. We can also restrict our attention to the simpler model for the
Fe-grid described by Eq. (4.9) which captures all the basic effects.
The charge sensitivity of the total spin is observable in the single electron tunneling-
current through the molecule [WHK95]. To find the precise fingerprints of the Nagaoka
effect in the transport and the role of the spin-excitations in adjacent charge states of the
molecule, we consider the Hamiltonian H = Hres + HeffFe + Hmol−res, employing units
~ = e = kB = 1. The electrodes r = L,R are described as electron reservoirs with
electrochemical potentials µr = µ ± V/2 and a constant density of states ρ: Hres =∑
kσr kσrc
†
kσrckσr. The tunneling term Hmol−res = (
Γ
2piρ
)1/2
∑
kσjr t
r
jc
†
kσrajσ + h.c. de-
scribes charge transfer between electrode and molecule (symmetric tunneling barriers).
Γ is the overall coupling strength between leads and the molecule and defines the cur-
rent scale. We assume that tunneling is only possible through two “contact” ligands,
namely tL1 = t
R
3 = 1, otherwise 0. We have checked that this choice does not cause
effects due to orbital symmetry as discussed in [HWWS03] by trying also tL1 = t
R
2 = 1.
The coupling to a gate electrode is included in a linear shift of the orbital energies. As
above, the bias and gate energies are also expressed in units of the intramolecular tun-
neling t = 1 which is connected to the effective hopping T = t2/(2∆). In the weak
tunneling regime, Γ is much smaller than the temperature, the effect of the leads can
be incorporated in the transition rates Σs,s′ =
∑
r Σ
r,+
s,s′ + Σ
r,−
s,s′ between the molecular
many-body states s, s′:
Σr,+s,s′ = Γ
∑
σ
f+r (Es − Es′)|
∑
j
trj〈s|a†jσ|s′〉|2
Σr,−s,s′ = Γ
∑
σ
f−r (Es − Es′)|
∑
j
trj〈s|ajσ|s′〉|2. (4.13)
Here f+r is the Fermi function of reservoir r and f
−
r = 1− f+r . Importantly, the matrix
elements include the calculated many-body wavefunction of the molecule and the spin
selection rules. From the stationary master equation
∑
s′(Σs,s′Ps′ − Σs′,sPs) = 0 we
obtain the non-equilibrium occupations Ps of the molecular states s and the resulting
stationary current which may be calculated at either electrode r = L,R:
Ir = −
∑
s,s′
(Σr,+s,s′Ps′ − Σr,−s′,sPs). (4.14)
Due to the presence of a maximal spin state, either as ground or excited state, spin
blockade and NDC effects occur, respectively [WHK95].
Maximal spin ground state  For u > uth and fixed t the ground state for n = 3, 5 is a
Nagaoka state (Fig. 4.7). Transport involving ground states n↔ n+ 1 for n = 2, . . . , 5
is completely blocked for small bias and low temperature below the spin-gap |∆E|: In
the map of the differential conductance versus (Vg, V ) [KMM+97], see Fig. 4.10, the
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Figure 4.10: dI/dV (Vg, V ) grayscale plot (white/black ≷ 0) for u = 5, v = 2.25, w =
1,∆ = −10, temperature 2× 10−4.
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Figure 4.11: Same parameters as Fig. 4.10 except u = 4.05 and around a different
charge degeneracy point.
Coulomb diamonds do not close. Since the ground state spin is either 0 (n = 2, 4, 6)
or 3/2 (n = 3, 5) the tunneling rates between neighboring ground states vanish due to
the spin selection rule |∆S| = 1/2 incorporated in Eq. (4.13). Even though the ground
state transitions are energetically allowed, transport is completely blocked in the weak
tunneling limit. However, when temperature or voltage is increased, such that the first
excited state with appropriate spin can be accessed, current begins to flow.
Maximal-spin excited state  Depending on the gate voltage, NDC and even complete
current blocking can occur at nite bias voltage [WHK95] when the Nagaoka state is the
lowest spin-excitation for n = 3, 5 (i.e. u . uth, Fig. 4.7). The conductance fingerprint
is shown in Fig. 4.11: near the charge 3 ↔ 4 degeneracy point two NDC lines (black)
with negative slope appear which are due to the low lying n = 3, S = 3/2 Nagaoka
state. We first discuss the lower NDC line using the left scheme in Fig. 4.12. At the
charge degeneracy point (Vg ∼ 6.58 in Fig. 4.11) the current sets on because a transport
channel is opened, namely n = 3, S = 1/2 (orbital degenerate) ↔ n = 4, S = 0.
Increasing the bias voltage by an amount ∆4 (n = 4 excitation energy, c.f. Fig. 4.12)
increases the population of the Nagaoka state via the n = 4, S = 1 excited state. Since
the Nagaoka state cannot decay (strictly) to the n = 4, S = 0 ground state the number
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Figure 4.12: Left: minimal set of states for the lower NDC effect in Fig. 4.11 (spin
forbidden transition = dashed red line). Right: minimal set of states for the complete
current suppression in Fig. 4.11. The red line indicates the transition which opens the
cascade.
of transport channels is therefore decreased from two to one leading to the lower NDC
effect.
Further away from the degeneracy point (Vg . 6.56 in Fig. 4.11), the lower NDC line
turns into a conductance peak and simultaneously the ground-state transition line below
it disappears. This is due to a complete population inversion for n = 3 between the
ground (S = 1/2) and excited (S = 3/2) state which already occurs inside the Coulomb
blockade region: when the transition from n = 4, S = 0 to the third excited state
n = 3, S = 1/2 lies in the transport window, the Nagaoka state is occupied starting
from the ground-state n = 3, S = 1/2 via the cascade of single-electron tunneling
processes indicated in the right panel of Fig. 4.12. We note that the second excited state
of n = 3 only couples to higher excited states of n = 4 due to the symmetric connection
to the electrodes chosen here. However, we have checked that it is not essential to the
inversion mechanism. The Nagaoka state is fully occupied because the escape rate from
n = 3, S = 3/2 relative to that from the n = 3, S = 1/2 ground-state is suppressed by
a factor ∼ e−(∆4−∆3)/T  1 (Fig. 4.12).
The upper NDC line with negative slope in Fig. 4.11 is caused by the occupation of
a high lying maximal-spin state n = 4, S = 2 (not shown in Fig. 4.12) which cannot
decay to states with one electron less and higher spin [WHK95]. Only due the presence
of the low-lying Nagaoka state S = 3/2 at n = 3 this state can already be reached at
such low voltages.
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4.5 Conclusion
We have analyzed a strongly correlated electron model for a [2 × 2]-grid complex to
illustrate the interplay between electron addition and intramolecular spin coupling. We
showed that low temperature electron tunneling experiments can access the change of
the molecular spin as a function of added charge and even the role of high-spin excita-
tions in subsequent charge states. Our model contains both localized magnetic moments
and delocalized electrons, in contrast to the customary description of molecular mag-
nets. We have based our model on the addition energy spectra [RBB+03], the crucial
input being that the extra electrons occupy ligand orbitals. Due to the Nagaoka mech-
anism the total spin of the molecule is changed drastically upon variation of the total
electron number. The charging energies on the ligands can be tuned chemically to the re-
quired large values for the high spin states by attaching electron-donating groups to the
ligands. For a grid-complex with localized spins on the mediating metal ions (Co) the
total spin in the Nagaoka state is more than twice as large as for the Fe-grid complex.
The direct exchange coupling of these spins with the neighboring ligands cooperates
with the Nagaoka effect, by counteracting superexchange processes with the ligands
and thereby further stabilizing the high spin state,
We emphasize that other molecular complexes may also show the above behavior if the
connectivity condition [KSV96, Tas98] of the electron-accepting centers is appropriate
for the Nagaoka mechanism to be effective.
Chapter 5
Electron transport through single
Mn12 molecule magnets
In this Chapter we investigate how the peculiar spectrum of single molecule magnets
effects the sequential tunneling transport. Experiments at temperatures larger than the
magnetic splittings and for molecules where the magnetic anisotropy does not depend
sensitively on the charge state can be described on this basis, see also [JGD+]. Fin-
gerprints of the quantum tunneling of the magnetic moment in the sequential tunneling
limit are presented in the Chapter 6 and for the strong coupling limit in Chapter 7.
Here we report transport measurements through a single-molecule magnet, the Mn12
derivative [Mn12O12(O2C-C6H4-SAc)16(H2O)4], in a single-molecule transistor geome-
try. Thiol groups connect the molecule to gold electrodes that are fabricated by electro-
migration. Striking observations are regions of complete current suppression and exci-
tations of negative differential conductance on the energy scale of the anisotropy barrier
of the molecule. Transport calculations, taking into account the high-spin ground state
and magnetic excitations of the molecule, reveal a blocking mechanism of the current
involving non-degenerate spin multiplets.
5.1 Introduction
During the last few years it has been demonstrated that metallic contacts can be at-
tached to individual molecules allowing electron-transport measurements to probe their
intrinsic properties. Coulomb blockade and the Kondo effect, typical signatures of a
quantum dot, have been observed at low temperature in a single-molecule transistor ge-
ometry [PPG+02, LSB+02, KDH+03]. In the Coulomb blockade regime, vibrational
modes of the molecule appear as distinct features in the current-voltage (I −V ) charac-
teristics [PPL+00, YKC+04, PPC+05]. Conformational, optical or magnetic properties
of molecules may also affect electron transport. With respect to the latter, an interesting
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Figure 5.1: (a) Side view of a Mn12 molecule with tailor made ligands containing acetyl-
protected thiol end groups (R=C6H4). Atoms are color labeled: Manganese (orange),
oxygen (dark red), carbon (gray), sulfur (yellow). The diameter of the molecule is
about 3 nm. (b) Schematic drawing of the Mn12 molecule (red circle) trapped between
electrodes. A gate can be used to change the electrostatic potential on the molecule en-
abling energy spectroscopy. (c) Scanning electron microscopy image of the electrodes.
The gap is not resolvable. Scale-bar corresponds to 200 nm.
class of molecules is formed by the single-molecule magnets (SMMs). These molecules
show magnetic hysteresis due to their large spin and high anisotropy barrier, which ham-
pers magnetization reversal. The prototypal SMM, Mn12-acetate, has total spin S = 10
and an anisotropy barrier of about 6 meV [SGCN93] (see also EPAPS Document No.
E-PRLTAO-96-043621 for more information on the synthesis and analysis of the Mn12
(R=C6H4) samples ). Spin excitations play an important role in the magnetization rever-
sal process through quantum tunneling of the magnetization (QTM) [GS03]. Although
the electronic and magnetic properties of SMMs have been studied intensively on bulk
samples and thin films [FSTZ96, MPO+02, CGSRM+05, MBZ+05, KSM+04], the ef-
fect of the high-spin ground state on electron transport in isolated molecules remains an
unexplored topic [KK04].
In the following we discuss transport through individual SMMs that are weakly
coupled to gold electrodes (see Fig. 5.1). Experimental data show low-energy excited
states with a strong negative differential conductance (NDC) and regions of complete
current suppression (CCS). For comparison, we have modeled tunneling through a
single Mn12 molecule taking into account its magnetic properties. Sequential tunnel
processes can result in spin-blockade of the current, providing a possible explanation
for the observed NDC and CCS. This effect is different from conventional spin block-
ade [WHK95, HQ+03] where there is no spin anisotropy.
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5.2 Experimental setup
The single-molecule magnets [Mn12O12(O2C-R-SAc)16(H2O)4] (Mn12 in the rest of the
text) are used, where R={C6H4, C15H30}. Both are tailor-made Mn12-acetate deriva-
tives. More information on the synthesis and analysis of the Mn12 (R=C6H4) samples
can be found in the EPAPS Document No. E-PRLTAO-96-043621. These molecules
feature thiol groups in the outer ligand shell and consequently exhibit a strong affinity
for gold surfaces [MBZ+05, CFP+03]. Beside ensuring robust tethering of the clus-
ters to the surface, the ligands are also believed to serve as tunnel barriers, so that the
molecule is only weakly coupled electronically to the gold. We assume that its magnetic
properties are conserved in the vicinity of gold electrodes. The diameter of the molecule
(core plus ligands) is about 3 nm for R=C6H4 and 5 nm for R= C15H30. Here we focus
on the transport features that are measured on the R=C6H4 derivative, which is depicted
in Fig. 5.1(a).
Electromigration [PLA+99] produced the nanometer-scale gaps in which molecules
were trapped. Thin (∼ 10 nm) gold wires (width 100 nm, length 500 nm) on top of
Al/Al2O3 gate electrodes are fabricated using e-beam lithography. The wires were con-
tacted by thick (100 nm) gold leads. The samples were cleaned in acetone and iso-
propanol, descumed with an oxygen plasma, then soaked in a 0.1 mM Mn12-solution
containing a catalytic amount of aqueous ammonia (to promote deprotection of the -
SAc groups, see Ref. [CFP+03]) for at least 1 hour. After taking a sample out of the
solution it was dried in a nitrogen flux and mounted in a He4 system with a 1 K pot.
The bridges were electromigrated in vacuum at room temperature by ramping a volt-
age across the wire while monitoring the current using a series resistor of 10 Ω. The
junctions broke at about 1 V.
After breaking, the samples were cooled down to 4 K and the junction conductances
were measured as a function of gate voltage. Although about 10 % of 200 junctions
showed Coulomb blockade related features, only four samples were stable enough for
detailed measurements. We note that the yield was similar for both types of derivatives.
Two of the stable samples where obtained with the R=C15H30 derivative. In Fig. 5.2(a)
we plot the differential conductance G as a function of gate (Vg) and bias voltage (Vb)
for one such a device (T = 3 K, R=C6H4). The lines separating the conducting re-
gions from the diamond-shaped Coulomb blockade regions have different slopes for
the three different charge transport regions. Within orthodox Coulomb blockade the-
ory this implies that the transport regions belong to different quantum dots, since the
capacitance to the environment is assumed constant for each dot. However, for molec-
ular quantum dots it is not possible to rule out that these three regions come from three
different charge states of the same molecule. Kubatkin et al. found that the charge
distribution -and therefore also the capacitance- of a (large) molecule depends on its
charge state [KDH+03]. In either scenario, however, the current in the non-overlapping
transport regions is determined by a single molecule.
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Figure 5.2: (a) Differential conductance (gray-scale) as a function of gate voltage (Vg)
and bias voltage (Vb) (T = 3 K, R=C6H4). A region of complete current suppression
(left degeneracy point, arrow) and low-energy excitations with negative differential con-
ductance (right degeneracy point) are observed. The dashed line near the left degeneracy
point indicates the suppressed diamond edge. (gray-scale from -0.8 nS [black] to 1.4 nS
[white]). (b) I − Vb at the gate voltage indicated in (a) with a line. NDC is clearly
visible as a decrease in |I| upon increasing |Vb|. Upon applying a magnetic field, cur-
rent is increased for negative bias.(c-f) Same as (a) for 4 transport regions in which the
14 meV excitation is indicated with arrows. Bias voltage ranges are: Vb = ±30 mV,
Vb = ±20 mV, Vb = ±25 mV, Vb = ±15 mV, respectively. (c,d) are the right and center
charge transport regions of the sample in (a), respectively. (e,f) are measured in devices
with the R=C15H30 ligands.
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Figure 5.3: (a) Differential conductance (grayscale) as a function of gate voltage (Vg)
and bias voltage (Vb) for another device (T = 1.5 K, R=C6H4 ) in which the 2 meV and
3 meV excitations are also observed (negative bias). The 14 meV excitation is indicated
by a white arrow. The origin of the step in the diamond edge at positive bias is unclear,
but most likely not related to the magnetic properties of the molecule. (gray-scale from
-3 nS [black] to 10 nS [white]) (b) I − Vb along the line in (a).
5.3 Experimental results
Lines in transport regions running parallel to the diamond edges correspond to the onset
of transport through excited states of the molecule. We have observed an excitation at
14±1 meV in all 6 of the stable transport regions that were observed in the four samples.
This excitation is indicated with arrows in Fig. 5.2(c-f) and Fig. 5.3(a) and appears to be
a fingerprint of the molecule. Its origin can be vibrational since the Raman-spectrum is
known to exhibit strong peaks beyond this energy, which are associated with vibrations
of the magnetic core of the molecule [PBK02]. A fingerprint is needed since small
metal grains that are formed during electromigration can mimic the transport properties
of single-molecules [SBBK05, HLC+05, HdGF+06a]. Moreover, we have studied the
electromigration process extensively and found that the gap size can be tuned by the total
(on- and off- chip) series resistance [vdZKP+06]. A relatively large series resistance
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(200 Ω) has been used to create a gap larger than ∼ 1 nm. Using this technique, we
did not measure any conductance up to 1 V in 50 control samples without molecules
deposited.
The main focus of this Chapter is on transport features at low-energy (. 5 meV):
a region of complete current suppression (CCS) and a strong negative differential con-
ductance (NDC) excitation line in the stability diagrams. Both are visible in Fig. 5.2(a).
At the left degeneracy point in this figure the current is fully suppressed at positive bias
voltage above the left diamond edge (dashed line). Transport is restored beyond an exci-
tation that lies at 5 meV. Remarkably, the right diamond edge does continue all the way
down to zero bias, defining a narrow strip (∼ 1 mV wide) where transport is possible.
In the right conductive regime in Fig. 5.2(a), two excitations at an energy of 2 meV and
3 meV are the most pronounced features. The 2 meV excitation is visible as a bright
line with positive differential conductance (PDC); the 3 meV excitation as a black line
(NDC). The strength of the NDC is clearly visible in the I − Vb plot in Fig. 5.2(b).
PDC and NDC excitations at 2 meV and 3 meV were also observed in a different
device, see Fig. 5.3. Although the details of CCS and NDC varied from sample to
sample, these two features were consistent signatures of measurements in Mn12. In
all cases, the 14 meV excitation is visible, suggesting that this feature originates in
the core of the molecule (which would not be so strongly affected by lead geometry).
We emphasize that we never observed low-energy features in bare gold samples or in
samples with other molecules deposited despite measuring over one thousand junctions
in total.
5.4 Theory
The observations of CCS and NDC lines at low energy that are characteristic of our
Mn12 measurements do not follow in a straightforward way from conventional Coulomb
blockade theory. This discrepancy should not be surprising, however, because Coulomb
blockade transport processes in a high-spin quantum dot (or molecule) have not yet been
been worked out in the literature. For qualitative comparison to the experimental data,
we have developed a standard sequential tunneling model that incorparates the spin-
Hamiltonian description of the high-spin ground state of Mn12 and its ladder of spin
excited states (see Fig. 5.4). Both the total spin of the molecule S and its projection M
on the intrinsic anisotropy axis of the molecule (the z-axis) are taken into account.
This model provides one explanation for the observed NDC excitation and CCS.
Briefly: the spin-selection rules |∆S|, |∆M | = 1
2
apply to adding or subtracting an
electron. Spin states of the molecule which differ by more than 1
2
from the ground states
are accessible via subsequent tunnel processes, but only if each step in the sequence is
energetically allowed. A sequence of tunnel processes can result in a non-equilibrium
population of certain excited states that can only be depopulated slowly by a violation
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of the spin-selection rules induced by QTM. Transport is then hindered or blocked at
sufficiently low temperatures leading to NDC or CCS.
Our calculations (see Fig. 5.4) take as a starting point the basic spin-Hamiltonian for
a SMM in charge state N ( N = n neutral, N = n − 1 oxidized, N = n + 1 reduced)
and two electronic states α = 0, 1 for each charge state (energy splitting ∆N ):
HNα = −DNαS2z +B2
(
S2x − S2y
)
, (5.1)
where DNα > 0 is an anisotropy constant and B2 the lowest order QTM perturbation
due to deviations from perfect axial symmetry. For B2 = 0 this Hamiltonian gives rise
to a ladder consisting of the 2SNα + 1 different M states, see Fig. 5.4(a). The states
M = ±SN0 are degenerate ground states of the molecule and are separated by the
magnetic anisotropy barrier (MAB). Transition rates between spin states upon adding
or subtracting an electron are determined by Clebsch-Gordan coefficients and spin se-
lection rules. We consider weak QTM (small B2) where this picture is still correct up
to weak violations of the spin-selection rules which are taken into account. Electronic-
and spin-excitation relaxation rates are assumed to be much smaller than the tunnel
rates [WSC+00].
Measurements show that the MAB of the neutral Mn12 molecule (Dn0S2n0) equals
5.6 meV, see also the EPAPS Document No. E-PRLTAO-96-043621 (available on-
line). Recently, it has been demonstrated that the first excited spin state in a neutral
Mn12 derivative has Sn,1 = 9 and lies about ∆n=4 meV above the Sn,0 = 10 ground
state [P+04], as theoretically predicted by Park et al. [PP04]. Little is known about
positively- or negatively- charged Mn12 clusters [PP04], except that one-electron re-
duced species have a Sn+1,0 = 912 ground state and a lower MAB [CSW
+05]. We there-
fore have performed calculations for various values of the remaining parameters and
found that NDC and CCS are generic features whenever (i) the MAB is charge state de-
pendent (ii) the spin multiplets within a charge state overlap in energy (DN0S2N0 > ∆N ).
An example of CCS obtained from calculations is indicated in Fig. 5.4(b) for the
n − 1 ↔ n transition. In contrast to conventional spin-blockade, the current is not
blocked in the narrow region where only the ground states of the molecule are accessi-
ble. This is also observed experimentally. When only the ground state transition is in the
bias window, transport is allowed, see Fig. 5.5. Upon increasing the bias voltage, other
transitions [like (α = 0,M = 8 1
2
)n−1 ↔ (0, 10)n] become energetically allowed, but
they do not obey the spin selection rules and hence do not contribute to transport. There-
fore the first available excited state transition is (1, 9 1
2
)n−1 ↔ (0, 10)n, see Fig. 5.5. This
transition requires an extra energy ∆n−1 relative to the ground state transition. When
this transition is in the bias window, however, the blocking state (0, 8 1
2
)n−1 is immedi-
ately populated via the (1, 9 1
2
)n−1 ↔ (0, 9)n and (0, 812) ← (0, 9)n (red arrow) transi-
tions. Since spin selection rules prevent this state to depopulate via (0, 10)n, transport
is blocked. Contrary to expectation, an increase in bias does not lift the blockade be-
cause with increasing bias the role of the blocking state is passed on to the next state
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Figure 5.4: Model calculations. (a) Energy diagram of the Sz states for the electronic
ground state (α = 0, blue) and first excited state (α = 1, red) of the neutral molecule
(N = n). (b,c) Differential conductance (grayscale from -0.8 [black] to 1 [white]
a.u.) modeling CCS (b) and NDC (c). Model parameters are (energies in [meV])
(Sn,0, Sn,1) = (10, 9), (Dn,0, Dn,1) = (0.056, 0.04) ∆n = 4.0 and B2 = 10−4. Pa-
rameters for CCS in (b): (Sn−1,0, Sn−1,1) = (912 , 9
1
2
), (Dn−1,0, Dn−1,1) = (0.02, 0.05),
∆n−1 = 1.3, ΓL/ΓR = 2, and T = 2 K. Parameters for NDC in (c): (Sn+1,0, Sn+1,1) =
(91
2
, 91
2
), (Dn+1,0, Dn+1,1) = (0.02, 0.02), ∆n+1 = 0.6, B2 = 10−5, ΓL/ΓR = 10, and
T = 1 K. The NDC strength can only be reproduced for a temperature lower than the
experimental one in Fig. 5.2, 5.3
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Figure 5.5: Model calculations. Schematic drawing of the transitions involved in the
complete current suppression process (CCS). For the cation, two spin manifolds, both
with total spin S = 9 1
2
and with energy separation ∆n−1 = 1.3 have to be taken into
account. A sequence of tunnel processes can lead to the population of a blocking state
(red arrow) which cannot be depopulated at low bias voltage due to spin selection rules.
At higher bias other transitions (dashed) result in the occupation of a new blocking state.
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(dashed arrow in Fig. 5.5), until finally the M = ± 1
2
state is liberated. Due to this
“relay” of blocking states the suppression extends up to the energy scale of the MAB
of the neutral molecule. The observed 5 meV is in good agreement with the value of
susceptibility measurements mentioned above. Importantly, in the narrow region when
only the ground states of the molecule are accessible the current is not blocked. This
novel type of blocking mechanism is strongly related to the decreasing level distances
of multiplet states, in contrast to the NDC mechanisms due to vibrational modes on
a molecule [MPT03, KvO05, NW, WN05, ZFM06] based on the harmonic excitation
spectrum.
Excitations with NDC are obtained for the n ↔ n + 1 transition (see Fig 5.4(c)).
The mechanism is similar as for CCS, but requires a lower MAB of the charged ground
state spin multiplet. It is important to note that other parameter choices also give rise to
CCS and NDC, so that a quantitative comparison cannot be made at the moment.
5.5 Discussion
Other explanations for NDC excitations and CCS have also been considered. Both
intrinsic and extrinsic (i.e. properties of the leads) properties could result in the obser-
vation of NDC. The observation of an NDC excitation in different samples implies that
it results from an intrinsic property of the molecule, such as vibrational excitations. In
some rather special situations they are also predicted to result in NDC [KvO05, WN05,
NW, ZFM06]. A CCS feature of the type observed here, however, has not been re-
ported. Our model naturally gives rise to CCS and NDC due to the intrinsic properties
of the magnetic molecule: charge induced distortion of the magnetic parameters and
low-lying magnetic and spin-excitations.
The low-energy features of the different transport regions in Fig. 5.2(a) are not iden-
tical, possibly because they correspond to different charge state transitions. In addition,
the (magnetic) parameters may be effected by the different coupling to the electrodes.
Since the lines in the transport regions correspond to sequences of transitions rather than
to a single excitation, the pattern is sensitive to variations of the magnetic parameters
(and other parameters like temperature and tunnel coupling).
The effect of a magnetic field in our transport situation is much less obvious than in
magnetic measurements on ensembles of molecules. Firstly, the angle of the external
field with respect to the easy axis of the molecule is unknown and cannot be controlled
in our experimental setup. A transverse field leads to mixing of spin eigenstates, allow-
ing transitions which are inhibited due to spin selection rules in the absence of a field,
whereas a longitudinal field will only shift the energies of the Sz states. However, esti-
mates for the anisotropic g factors in the charge states are required to extend our basic
model. Furthermore, the electron tunnel couplings can be modified by the field. The
increase of the current upon applying a magnetic field, Fig. 5.2(b), may be related to all
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of the above effects but a full analysis of the magnetic field effects is still required.
5.6 Conclusion
In conclusion, transport through single Mn12 molecules that are weakly coupled to gold
electrodes has been measured. Current suppression and negative differential conduc-
tance on the energy scale of the anisotropy barrier have been observed. These features
can be understood qualitatively with a model, that combines the spin properties of the
molecule with standard sequential tunneling theory. These results provide a new direc-
tion in the study of single-molecule magnets and possibly lead to electronic control of
nano-magnets.
Chapter 6
Spin quantum tunneling in single
molecule magnets: ngerprints in
transport spectroscopy of current and
noise
In contrast to the previous Chapter we focus in the following on the effects of the quan-
tum tunneling of the magnetic moment on the tunneling electrons. We demonstrate
that transport spectroscopy of single molecule magnets shows signatures of quantum
tunneling at low temperatures even though the spectrum of the molecular magnet is
only weakly affected by this term. We find current and noise oscillations as function
of bias voltage due to a weak violation of spin selection rules by quantum tunneling
processes. The interplay with Boltzmann suppression factors leads to fake resonances
with temperature-dependent position which do not correspond to any charge excitation
energy. Furthermore, we find that quantum tunneling can completely suppress transport
if the transverse anisotropy has a high symmetry.
6.1 Introduction
Single molecule magnets (SMM) have become famous in the last decade for show-
ing the quantum tunneling of a single magnetic moment (QTM) on a macroscopic
scale [SGCN93, FSTZ96, HZL+96, TLB+96, LL00, PS00]. These molecules are char-
acterized by a large spin S > 1
2
, a large magnetic anisotropy barrier (MAB) and
anisotropy terms which allow this spin to tunnel through the barrier. The anisotropy
is due to spin-orbit effects on the metal-ions whose spins couple to form the large mag-
netic moment. Magnetic hysteresis, associated with QTM, was observed at tempera-
tures below the MAB [SGCN93, FSTZ96] for ensembles of molecules in a single crys-
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tal. Recently, Cornia et al. [CFP+03] were able to immobilize single SMMs on a gold
surface through modification of their ligands while preserving the magnetic properties
of the core. Using this technique Heersche et al. [HdGF+06b] were able to establish a
3-terminal electrical contact and measure the transport through the well-known SMM
Mn12, see also [JGD+].
In this Chapter we show that transport spectroscopy of single molecule magnets can
reveal specific features being fingerprints of spin quantum tunneling. Even when the
anisotropy terms which cause QTM have a small effect on the energy spectrum they
lead to significant changes in the non-equilibrium occupations of the magnetic states
since they allow for a violation of spin-selection rules for electron-tunneling. As a
consequence, QTM leads to an oscillatory behavior of the current and shot-noise with
increasing bias voltage. Specifically, the interplay of several small rates (quantum tun-
neling induced rates and rates suppressed by Boltzmann factors) leads to negative differ-
ential conductance and, most strikingly, to the occurrence of so-called fake resonances
which do not correspond to any charge excitation energy. The fake resonance’s posi-
tion depends on temperature, and allows a clear experimental identification of quantum
tunneling processes. Furthermore, we show that high symmetry (due to the molecular
structure) QTM can give rise to a complete current suppression.
6.2 Theory
We analyze a minimal model that combines the well-known effective spin Hamiltonian
description of SMMs [PK99, PPKK00, KBBP02, BLD+02, PP04] with the standard
tunneling Hamiltonian for the coupling to metallic electrodes. Due to the high charging
energy it is sufficient to consider only two charge states (N = 0, 1) with a magnetic
excitation spectrum
H(N) = H
(N)
MAB +H
(N)
QTM,
where
H
(N)
MAB = −D(N)(Sˆz)2 (6.1)
H
(N)
QTM = −
1
2
∑
n=1,2
B2n
[
(Sˆ2+)
n + (Sˆ2−)
n
]
. (6.2)
We employ units ~ = e = kB = 1 and energy units of meV. For each charge state N the
spin has a definite value S(N) and spin projection |M | ≤ S(N) which is maximal in the
ground state. The anisotropy terms arise due to spin-orbit interaction on the molecule
and break rotational invariance in spin-space. The lowest order easy-axis anisotropy in
Eq. (6.1) defines the preferred axis in space along which we quantize the spin (z-axis).
The eigenstates |N, S,M〉 of Eq. (6.1) have an inverted parabolic energy dependence
depicted in Fig. 6.1(a). Higher order corrections to the magnetic anisotropy barrier are
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Figure 6.1: (a) Magnetic excitation spectra for two charge states with spins S (0) = 2 >
S(1) = 3/2 and D(0) > D(1). Since typically B2n  D(N) we label the eigenstates by
the approximately good quantum number M . The dot-dashed line is a spin-forbidden
transition, all others are spin-allowed. (b) Energy levels and spin-allowed transitions for
S(0) = S > S(1) = S − 1
2
. (c) Electron-addition excitations in (Vgate, Vbias) stability
diagram. Arrows indicate how to construct the diagram going along the zig-zag path in
(b). Thick/thin lines indicate visible/hidden transitions. A transition is hidden when the
initial state is not yet occupied (by other processes) at the transition energy.
not essential here. It is known experimentally [STW+93, TA97, ASP+99, SCR+00,
SCR+01, KSLR+01, CFAGA+04] and theoretically [PP04] that the anisotropy con-
stants D(N) depend on the charge state. The transverse anisotropy, Eq. (6.2), accounts
for deviations from purely axial symmetry. We consider either a second or fourth (n = 1
or 2) order term which allows for tunneling of the spin between states with M values
differing by 2n. (It is convenient here to deviate from the conventional notationE = B2
and C = B4). Since a charge-dependent QTM induces only small corrections in the
spectrum of the moleculeB2n is taken as charge-independent. Transport through SMMs
provides information on the magnetic structure in more than one charge state of the
molecule. Therefore we investigate the basic possible combinations of the magnetic pa-
rameter values for charged SMMs which are scarcely known. Also, in a single-molecule
junction they may change due to mechanical and electrostatic effects. Below we select
our values from the typical range D(N) ∼ 0.01− 0.1meV, B2 ∼ 10−3 − 10−7meV and
B4 ∼ 10−4 − 10−7meV for which magnetic excitations can be resolved in the transport
at electron temperatures below 1 K. Since QTM weakly affects the energy spectrum we
will label eigenstates of H (N) by the approximately good quantum number M , i.e. state
|N, S,M〉 has the largest contribution.
The electrodes r = L,R are described as electron reservoirs with electrochemical po-
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tential µ± Vbias/2 and a constant density of states ρ:
Hres =
∑
rkσ
(kσr − µr)c†rkσcrkσ. (6.3)
The tunneling term
Hmol-res =
∑
rkjσ
tjd
†
jσcrkσ + h.c. (6.4)
describes charge transfer between electrode and molecule (symmetric tunneling barri-
ers). Here d†jσ adds an electron with spin σ to a single-particle orbital on the molecule.
The coupling to a gate electrode is included in a shift of the molecular energies, such
that the charge degeneracy point is at zero bias (Vbias) and gate voltage (Vgate). For weak
tunneling, we use a standard master equation approach to calculate the non-equilibrium
occupations of the molecular states, the current and the shot noise [THKS03]. The rates
in this master equation are calculated in golden rule approximation. For the transition
s2 → s1 (si being two eigenstates of H (Ni) with energy Ei), we obtain the total rate
Ws1,s2 =
∑
rW
r,+
s1,s2
+W r,−s1,s2 with the tunneling-in rate
W r,+s1,s2 = 2piρ
∑
σ
fr(Es1 − Es2)|T σs1s2|2 (6.5)
and the tunneling-out rate
W r,−s1,s2 = 2piρ
∑
σ
(1− fr(Es1 − Es2))|T σs2s1|2. (6.6)
Here, fr(E) = (e(E−µr)/T + 1)−1 is the Fermi function of reservoir r, T denotes the
temperature, and
T σs1s2 =
∑
j
tj〈s1|d†jσ|s2〉. (6.7)
These tunnel matrix elements incorporate the spin selection rules and their violation for
finite QTM. Without QTM, the eigenstates are given by |si〉 = |Ni, Si,Mi〉, and the
tunnel matrix elements fulfill obviously the spin selection rule |S1 − S2| = 1/2 and
|M1 −M2| = 1/2, in addition to |N1 − N2| = 1. For weak QTM, we decompose the
states si into a linear combination of |Ni, Si,M ′i〉 states, the one with largest contribution
being M ′i = Mi. Inserting this expansion into T
σ
s1s2 leads to a summation of matrix
elements with terms
〈N1, S1,M ′1|
∑
j
tjd
†
jσ|N2, S2,M ′2〉.
Using the Wigner-Eckart theorem, each of these matrix element can be factorized into
an M -dependent Clebsch-Gordan (CG) coefficient and a common constant cj . Each in-
dividual CG-coefficient fulfills |S1 − S2| = 1/2 and |M ′1 − M ′2| = 1/2. Obviously
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the overall spin selection rule |M1 − M2| = 1/2 can be weakly violated, i.e. the
corresponding rate is smaller by roughly a factor (B2n/D(N))2 compared to the rates
fulfilling the overall spin selection rule. The constants cj are incorporated into a fac-
tor Γ = 2piρ|∑j tjcj|2 common to all rates and drop out of the problem, except for
setting the absolute current and noise scale. We note that, in contrast to customary
spin-blockade physics [WHK95], a complete elimination of the spin projectionM from
the transport problem is not possible due to the MAB and QTM. The master equation
approach correctly accounts for both the non-equilibrium induced by the electron tun-
neling at finite bias voltage and the thermal excitation of molecular spin-states. The
life-time of the latter is also limited by other relaxation processes (spin-phonon interac-
tion, nuclear spins, etc.) which are typically [WSC+00] slower than electron tunneling
processes (time . 1 ns) and are therefore neglected. Furthermore, the spin-phonon in-
teraction may be hindered since the phonon spectrum for a single molecule is expected
to be less dense than in a bulk system.
6.3 Fake resonances and oscillations
To illustrate the effect of the QTM on the transport we first explain the conductance map
for small spins (S(0) = 2, S(1) = 3/2) and contrast the cases B2 = 0 and B2 6= 0. For
B2 = 0 the differential conductance map is plotted in Fig. 6.2(a) and we discuss the res-
onance lines running upward. Starting at the charge degeneracy point (Vgate = Vbias = 0)
and increasing the bias voltage the current initially sets on due to the ground state tran-
sitions M = ±2 ↔ M ′ = ±3/2, see Fig. 6.1(a). Increasing the bias voltage further
brings the transitionM = ±2↔M ′ = ±1/2 into the transport energy window, without
any effect on the current: the rate for the process vanishes due to spin selection rules,
Wf = 0 [dot-dashed in Fig. 6.1(a)]. A reservoir spin-1/2 electron can not couple two
molecular states with |∆M | > 1/2. Therefore this resonance is hidden [ET06]: This
phenomenon occurs also for higher spin and weak distorted anisotropies (D(0) ≈ D(1)).
The current only increases when the transition M = ±1 ↔ M ′ = ±3/2 becomes
energetically allowed. At this resonance all states except N = 0,M = 0 become
occupied equally. At the third resonance the latter state also becomes accessible via
M = 0 ↔ M ′ = ±1/2. In the presence of QTM, B2 6= 0, two additional resonances
appear, see Fig. 6.2(b), one with positive and one with negative dI/dVbias. The ap-
pearance of negative dI/dVbias is related to a slow, spin-forbidden transition as follows.
For B2  D the spin-projection M is only approximately a good quantum number,
i.e. each eigenstate is a linear combination of states {|N, S,M + 2k〉}k=0,±1,±2,..., with
one coefficient (k = 0) close to 1. In the N = 1 excited state in addition to the state
M ′ = ±1/2, there is thus a small admixture ∝ B2/D(1) of state M = ∓3/2. The
forbidden transition to the N = 0 ground states composed mostly of M = ±2 [Fig.
6.1(a)] is now weakly allowed. When it becomes energetically allowed the transition
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Figure 6.2: dI/dVbias in gray-scale (gray= zero, white/black = positive/negative) as func-
tion of Vgate and Vbias. Parameters: S(0) = 2, S(1) = 3/2, D(0) = 0.1, D(1) = 0.01 and
T = 0.01. (a) No QTM: B2 = 0. (b) QTM B2 = 2 × 10−5 (c) Same as (b) except for
lower B2 = 2× 10−7. (d) Same as (b) except for higher T = 0.015.
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occurs with rate
Wf ∼ (B2/D(1))2Γ (6.8)
and the current is suppressed. This is simply because the occupation of the N = 1
excited states reduces the occupations of the states which contribute most to the trans-
port current through (fast) spin-allowed transitions. In contrast, the positive dI/dVbias
line which appears is not related to any addition energy of the molecule. The current in-
crease occurs when the state causing the negative differential conductance (NDC) above
is depleted at higher bias via a spin-allowed transition M = ±1 ← M ′ = ±1
2
(dashed
in Fig. 6.1). The rate for this process is
Wa ∼ Γf(∆E − Vbias/2) (6.9)
where ∆E denotes the corresponding transition energy. This depletion sets in when in-
and out-going rates become equal i.e. Wa ∼ Wf . Due to the small factor in Wf this
occurs already for Vbias/2 < ∆E where
Wa ≈ Γ exp(−(∆E − Vbias/2)/T ). (6.10)
Equating the rates we obtain the resonance condition
Vbias/2−∆E ∝ T ln(D(1)/B2) (6.11)
which is substantially shifted from the position expected naively (Vbias/2 = ∆E). The
shift is linear in temperature and logarithmical in the QTM amplitude [BDR02, GL04],
see Figs 6.2(c-d). The shift with temperature can be larger than the thermal smearing
as illustrated in Fig. 6.2(d). Thus due to the asymmetry between electron tunneling
rate constants intrinsic to an SMM, transport resonances appear even when the molecu-
lar level is far away from the electrochemical potential. The strong Coulomb charging
effect and energy quantization on the molecule are essential to this effect since they re-
strict the transport to sequential tunneling through two charge states.
For SMMs with large spin, S(0) = S(1) + 1
2
> 2, the above mechanism leads to oscil-
lations in the transport quantities, shown in Fig. 6.3(a)-(d). At low bias the states of the
“flatter” N = 1 parabola become occupied via spin-forbidden transitions, see Fig. 6.3
(a) and the current decreases. The depletion of these states by spin-allowed transitions
increases the current again, Fig. 6.3 (b). Due to the peculiar inverted parabolic en-
ergy dependence of the magnetic excitations, this sequence is repeated whenever a new
N = 0 excitation state can be occupied, see Fig. 6.1(b)-(c). With increasing bias the
N = 0 excitations are successively occupied whereas the occupations of the N = 1 ex-
citations, and therefore also the current oscillate, see Fig. 6.3(d). Interestingly, all NDC
resonances in Fig. 6.3(a) and (b) correspond to addition energies of the SMM (as in our
previous example). Most other resonances with positive differential conductance are
fake since they shift with T andB2. The shot-noise S also shows oscillations as function
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Figure 6.3: Transport oscillations induced by QTM. Parameters: S (0) = 10, S(1) = 91
2
,
D(0) = 0.1, D(1) = 0.01, B2 = 2 × 10−3 and T = 0.015. (a) dI/dVbias for small bias:
the N = 1 “flat” parabola is mapped out by NDC excitations. (b) dI/dVbias for large
bias: the N = 0 excitations give rise to positive and negative differential conductance.
(c) d lnF/dVbias: fake resonance lines correspond to noise suppression (black) lines and
terminate at the Coulomb diamond edge. (d) Occupations of the N = 1 states p(1)M
together with lnF and I as function of Vbias for Vgate = 0.
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of Vbias: in Fig. 6.3 (c) the Fano-factor F = S/(2I) is plotted. The periodic reductions
of F occur due to concerted reductions of the noise S and simultaneous enhancements
of the current I . Their positions shift with T and B2 and are fake. The noise is super-
poissonian, F  1, due to the presence of slow and fast tunnel processes that give rise
to large current fluctuations [Bel05]. Fig. 6.3 (d) clearly shows that equal occupation of
all N = 1 excitations associated with small spin-forbidden tunnel constants reduces the
current and simultaneously leads to stronger fluctuations. Depopulation of these states
by a spin-allowed transition enhances the current and reduces the noise. Importantly, in
Fig. 6.3(c) the (white) lines of enhanced noise persist in the Coulomb blockade regime,
in contrast to the fake (black) lines of noise reduction. The reason for this effect is that
the noise in the Coulomb blockade regime will only increase when more excitations lie
in the transport window as shown in [Bel05]. Hence measuring shot-noise allows for
an identification of fake resonance lines without changing the temperature (which may
lead to unwanted changes in the molecular junction). We note that the above is valid
also for a weaker magnetic distortion than D(1)/D(0) < 1/2 (which is the requirement
for the maximum number of oscillations to occur).
6.4 High-symmetry anisotropy
When the dominant transverse anisotropy has a high symmetry, i.e. B4  B2/S2, and
the ratio B4/D(N) differs for N = 0 and N = 1 complete current blockade may occur.
This is shown in Fig. 6.4(b) for S(0) = 10 and S(1) = 91
2
. For B4/D
(1) ∼ 1/S2 a
level crossing occurs between ground and excited state in the charge sector N = 1 [Fig.
6.4(c)]: the ground states change from a linear combination of
{| ∓ S(1) ± 4k〉z}k=0,1,...
to a superposition of
{| ∓ (S(1) − 1)± 4k〉z}k=0,1,...
The latter states have very small tunneling overlap with the N = 0 ground state which
is a superposition of
{| ∓ S(0) ± 4k〉z}k=0,1,...
for sufficiently small B4/D(0)  1/S2. Thus the transport suppression at low bias sig-
nals a high-symmetry QTM perturbation. It can also occur for constant D(0) ≈ D(1) ≈
D when B4 changes from smaller than D/S2 in one charge state to larger than this
value. However, if the symmetry of the QTM is also changed by the charging, i.e. the
low symmetry QTM becomes important (B2 ∼ B4S2) in one charge state, the current
blockade can be lifted, since the overlap of ground states is restored, see Fig. 6.4(a).
This symmetry lowering may be expected when extra or deficit electrons on the SMM
are strongly localized on a particular metal ion contributing to the total spin.
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Figure 6.4: Current suppression due to high-symmetry QTM: Parameters: S (0) =
10, S(1) = 91
2
, D(0) = 0.1, D(1) = 0.01, B2 = 0 and T = 0.015. (a) dI/dVbias for
small B4 = 2 × 10−6 and (b) dI/dVbias for strong B4 = 2 × 10−4. (c) Spin excitation
spectrum for the charged state N = 1: the value B4S2/D(1) used in (b) lies beyond
the level crossing at approximately 1. Only the 2nd excited state has a non-negligible
admixture of the maximal M ′ = ±S(1) state which is required for transport.
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Furthermore adding or subtracting a charge may lead to a transition from an easy axis
anisotropy to a hard axis anisotropy which results in a complete current blockade. De-
tails on this are found in the Appendix B.
6.5 Conclusion
Transport spectroscopy of magnetic molecules is a challenging task since typically
many resonances are hidden by spin-selection rules or do not correspond to addition
energies of the molecule and shift with temperature. Measuring shot-noise allows for
an identification of misleading excitations without changing the temperature. If the to-
tal spin values are known, a reconstruction of the spectrum from the NDC excitations
is possible. Then the fake resonances allow the determination of the quantum tunneling
parameter to logarithmic accuracy even though it cannot be resolved directly from the
thermally broadened excitations. Finally, we showed that the transport is even sensitive
to the symmetry of the magnetic anisotropy of the SMMs. The link we established be-
tween transport effects and spin-Hamiltonian parameters may be extended down to the
microscopic details of magnetic molecules with further input from ab-initio calculations
and energy spectroscopy on charged states of SMMs.
Chapter 7
Quantum tunneling induced Kondo
effect in single molecular magnets
In this Chapter we consider transport through a single-molecule magnet strongly cou-
pled to metallic electrodes and show that also in this regime the quantum tunneling
of the magnetic moment leads to interesting transport effects. We demonstrate that
for half-integer spin of the molecule electron- and spin-tunneling cooperate to produce
both quantum tunneling of the magnetic moment and a Kondo effect in the linear con-
ductance. The Kondo temperature depends sensitively on the ratio of the transverse and
easy-axis anisotropies in a non-monotonic way. The magnetic symmetry of the trans-
verse anisotropy imposes a selection rule on the total spin for the occurrence of the
Kondo effect which deviates from the usual even-odd alternation.
7.1 Introduction
Single-molecule magnets (SMMs) such as Mn12 or Fe8 have been the focus of intense
experimental and theoretical investigation [GS03]. These molecules are characterized
by a large spin (S > 1/2), easy-axis and transverse anisotropies, and weak intermolecu-
lar interaction. Molecular-crystal properties are due to an ensemble of single molecules
and exhibit quantum tunneling of magnetization (QTM) on a mesoscopic scale. Re-
cently, a single molecule magnet (Mn12) was trapped in a nanogap [HdGF+06b, JGD+]
and fingerprints of the molecular spin were observed in electron transport. Furthermore,
transport fingerprints of QTM were predicted [RWS06] when the individual excitations
can be resolved by the temperature. Using easy-axis anisotropy for magnetic device
operation was also proposed [ET06]. These works focused on the regime where single
electrons charge and discharge the molecule through weak tunneling.
In this Chapter we investigate linear transport through a half-integer spin SMM deep
inside the blockade regime [KK04] where the charge on the molecule remains fixed. A
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strong tunnel-coupling to the metallic electrodes induces spin fluctuations and allows
the magnetic moment to tunnel. This is remarkable, since for an isolated SMM with
half-integer S this is forbidden by time-reversal (TR) symmetry. At the same time, the
resonant spin-scattering allows electrons to pass through the SMM: the Kondo effect for
transport [GR88, NL88] results in a zero bias conductance anomaly that has been stud-
ied experimentally in many systems with small spins (e.g. quantum dots [GGSM+98,
COK98, SBK+99, SWEvK00, vdWdFF+00] and single molecules [PPG+02, LSB+02]).
Such an effect is unexpected in SMMs because the S > 1/2 underscreened Kondo effect
is suppressed by the easy-axis anisotropy barrier which freezes the spin along the easy
axis. However, we find that even a weak transverse anisotropy induces a pseudo-spin-
1/2 Kondo effect. The corresponding Kondo temperature is experimentally accessible
due to a compensation by the large value of the physical spin S. We perform a scaling
analysis [And70] for the effective pseudo-spin-1/2 model and verify the results by a
non-perturbative numerical renormalization group (NRG) calculation [Wil75, Hof00a]
for the full large-spin Hamiltonian.
7.2 Model
We consider SMMs which can be described by the following minimal model in the limit
of strong tunnel-coupling to electron reservoirs H = HM +HK:
HM = −DS2z −
1
2
3∑
n=1
B2n
(
(S2+)
n + (S2−)
n
)
(7.1)
HK = JS · s+
∑
kσ
kσa
†
kσakσ (7.2)
Here Sz is the projection of the molecule’s spin on the easy axis, chosen as z-axis,
S± = Sx ± iSy, and s =
∑
kk′
∑
σσ′ a
†
kσ(
1
2
τ )σσ′ak′σ′ is the local electron spin in the
reservoir (τ is the Pauli-matrix vector). As usual, the electronic states |kσ〉 are a lin-
ear combination of states of both physical electrodes [GR88, NL88]. The first term in
Eq. (7.1) describes the easy-axis magnetic anisotropy of the molecule, i.e. the states
|Sz〉, Sz = −S, . . . , S are its eigenstates. The second term in Eq. (7.1) describes trans-
verse anisotropy perturbations which in general reduce the symmetry to that of a discrete
group of symmetry operations caused by the geometrical structure of the molecule and
its ligands via spin-orbit effects. The individual transverse terms written in our model
are invariant under 2n-fold rotation (n = 1, 2, 3) about the easy axis. To keep the nota-
tion systematic we deviate from the conventional notation for the anisotropies E = B2
and C = B4. Note that the relative strength of the perturbations is B2nS2(n−1)/D. The
first term in Eq. (7.2) describes the exchange coupling of the molecular spin to the effec-
tive reservoir [the second term in Eq. (7.2)] and thereby transfers charge. The coupling
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Figure 7.1: Coupling scheme of the ground states including QTM B2 for S =
3/2, 5/2, 7/2. Black (dashed) and red (full) lines denote |Sz〉 states belonging to the
different TR-invariant subspaces.
is antiferromagnetic, J > 0, in the blockade regime as may be readily shown from the
Schrieffer-Wolff transformation [SW66].
We will show that in a half-integer spin SMM the Kondo effect lifts the blockade of
both spin-tunneling (due to TR symmetry) and electron-tunneling (due to energy and
charge quantization). Concerning the former effect, for half-integer S > 1/2 the eigen-
states of the molecular Hamiltonian HM are at least two-fold degenerate (Kramers dou-
blets) and are linear combinations of states from only one of the disjoint sets {| ∓ S ±
(2n)k〉}k=0,1,2,..., see Fig. 7.1. Hence the transverse perturbations B2n can not connect
the opposite magnetic basis states | ± S〉 as they do for integer spin S, i.e. QTM is
blocked [CL98]. However, a Kondo spin-flip process, Eq. (7.2), can change Sz by one
and connect the disjoint sets of molecular states. Thus in cooperation with the QTM
terms the molecular spin can be completely reversed. This is similar to the co-tunneling
of nuclear and electronic spins [GWT+01]. Note that in [UZG96] a Kondo effect due
to a positive easy-axis anisotropy (D < 0) was studied and no transverse anisotropies
were considered.
In the following we compare situations where either low- or high-symmetry QTM
perturbations dominate. This can be achieved experimentally by a chemical modifi-
cation of the ligands [BKH+05] or in transport experiments by changing the binding
of the molecule to the electrodes, which can be controlled mechanically in some se-
tups [ROB+02].
7.3 Poor man’s scaling analysis
To describe the low energy properties of the above model we perform a poor man’s scal-
ing analysis [And70]. This approach leads to similar results as the full NRG calculations
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(shown in Fig. 7.2, 7.4 and discussed at the end), but allows for a detailed discussion of
the processes leading to Kondo physics. Details on the mapping are summarized in the
Appendix C. We truncate the spectrum to the twofold degenerate ground state |±〉 and
obtain an effective spin-1/2 Kondo model
Heff = J
∑
νν′=±
|ν〉〈ν ′|〈ν|S|ν ′〉s =
∑
i=x,y,z
jiPisi, (7.3)
with the pseudo-spin operators P± = Px ± iPy = |±〉〈∓| and Pz = (|+〉〈+| −
|−〉〈−|)/2. The effective exchange constants depend on B2n, D and S through
jz = 2J〈+|Sz|+〉 > 0 (7.4)
jx,y = J〈+|S+ ± S−|−〉 (7.5)
which we have calculated numerically. Importantly, these constants are completely
anisotropic, except for special cases. The scaling equations are (2W = conduction
electron bandwidth, ρ = density of states):
djα
d lnW
= −ρjβjγ (7.6)
where α, β, γ are cyclic permutations of x, y, z [Zaw80]. Specification of any two scal-
ing invariants jα2− jβ2 = kαβ, α 6= β, defines a 3-dimensional scaling curve. Inversion
of any pair of jα, jβ leaves the scaling equations invariant, whereas inverting a single
one reverses the flow. Introducing the scaling invariants in Eq. (7.6) leads to a separation
of the scaling equations:
djα
d lnW
= −ρ
√
j2α − k2αβ
√
j2α − k2αγ (7.7)
djβ
d lnW
= −ρ
√
j2β + k
2
αβ
√
j2β − k2βγ (7.8)
djγ
d lnW
= −ρ
√
j2γ + k
2
αγ
√
j2γ + k
2
βγ (7.9)
Interestingly, all scaling trajectories flow to the strong coupling limit except those in
planes of uni-axial symmetry, |jα| = |jβ| < |jγ| with jαjβjγ < 0. In the latter case
one has a ferromagnetic fixed line which is unstable with respect to infinitesimal per-
turbations perpendicular to it which are typically present in our model. If the effective
exchange constants lie close to this line the Kondo temperature will thus be strongly
suppressed. If the Kondo effect occurs and |jz| ≥ |jx| ≥ |jy| with |jz| 6= |jy|, we find
for the Kondo temperature (defined here as the scale where the first coupling constant
diverges)
ln(TK/Weff) = −
cs−1
(
|jy|√
jz2−jy2
∣∣∣ jz2−jx2jz2−jy2)
ρ
√
jz
2 − jy2
. (7.10)
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Here cs−1(u|m) is the inverse of the elliptic integral cs(u|m), see [AS72]. In the uni-
axial planes |jz| = |jx| or |jx| = |jy| Eq. (7.10) reduces to the well-known expres-
sions for easy-axis anisotropy [AYH70, TW83] since cs−1(u|0) = arctan(1/u) and
cs−1(u|1) = arctanh(√1 + u2). In this model the upper bound of the Kondo scale TK is
the energy separation between Kramers-degenerate ground and first excited state of the
isolated molecule Weff(D, {B2n}) which is of the order 0.1 meV ∼ 1 K.
According to Eq. (7.5), the exchange couplings jx,y are generated by spin-tunneling.
This gives jz > |jx|, |jy| for not too strong QTM. Thus, the only case where the Kondo
effect can not be observed is |jx| = |jy| and jxjy < 0, which using Eq. (7.5) gives
〈+|S+|−〉 = 0. This means that the Kondo effect is not observable when the spin rais-
ing operator of the original molecular spin can not flip the pseudo-spin from the down
to the up value, an intuitively quite obvious condition. Most importantly, as we will
illustrate in the following, this condition can be checked very easily provided the spin
and the symmetry of the molecular magnet are given. If a B2n quantum tunneling term
is present, we get
〈+|S+|−〉 6= 0 ⇔ 2S − 1
2n
= Integer (7.11)
as a condition for the observability of the Kondo effect in molecular magnets with weak
QTM.
We first consider the limit of a dominant low-symmetry QTM term, B2  B4S2, B6S4.
We always find a spin-1/2 Kondo effect, see Fig. 7.2, because the three couplings are
different except for B2 = D. At that point Eq. (7.1) can be rewritten as HM = 2DS2y +
const. The resulting uni-axial symmetric couplings |jz| = |jx| > |jy| allow for a flow
to the strong coupling fixed point, also in this case. The Kondo temperature, shown in
Fig. 7.2, has a non-monotonic dependence onB2/D, which is enhanced with increasing
S. For B2  D (weak QTM), the criterion (7.11) applies and is always fulfilled for any
half-integer spin. The states forming the two ground states |±〉 are connected by the
spin raising operator by S − 1/2 QTM processes (each contributing a factor ∝ B2/D)
and one co-tunneling process, see Fig. 7.1. Therefore, theB2/D dependence, estimated
from Eqs. (7.4,7.5), is |jz| ≈ 2SJ  |jx| ≈ |jy| ∝ (B2/D)S− 12 . Using (7.10) this gives
for the Kondo temperature
TB2DK /Weff ∝ e−
1
2ρJ
(1− 1
2S
) ln D
B2 . (7.12)
The exponent becomes S-independent for S  1. However, the complicated spin-
dependent prefactor left out in Eq. (7.12) decreases with S stronger than Weff increases:
in this regime the Kondo temperature therefore decreases with increasing spin. Interest-
ingly, this tendency changes for larger quantum tunneling. Near B2 = D the perpendic-
ular couplings dominate and grow with increasing S: jx,z = J
√
S(S + 1) + 1/4 and
jy = J for B2 = D. From Eq. (7.10) one obtains by expanding in jy/jz ∝ 1/S an
84 QUANTUM TUNNELING INDUCED KONDO EFFECT
Figure 7.2: Kondo temperature, deduced from the NRG level flow with J = 0.1W and
D = 10−2W , as function of QTM B2 for S = 3/2, 5/2, 7/2.
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enhancement of TK with S  1:
TB2=DK /Weff ≈ e
−pi
2
1
ρJ
√
S(S+1)+14 . (7.13)
In this expression there are two competing factors: increasing B2/D enhances the r.h.s.
of Eq. (7.10) which is maximal atB2 = D, but simultaneously reduces the splittingWeff
between ground and excited state from (2S − 1)D to 4D. Hence the maximal Kondo
temperature occurs for a value B2/D < 1. Finally, for B2  D the Kondo tempera-
ture is suppressed again since one coupling becomes dominant: |jx| ≈ J  |jy|, |jz|.
We note that in the case B2 = D the molecule can not be considered as a molecu-
lar magnet and it is only discussed here to explain the tendency of the increase of the
Kondo temperature with increasing spin for strong quantum tunneling. We suggest to
study SMMs with moderate quantum tunneling, as e.g. Fe(III)8 with D = 0.27 K and
B2 = 0.046 K [SOP+97]. For the above mechanism to be relevant the spin S = 10
needs to be changed to an half-integer value by changing the charge via a gate elec-
trode. The value of the Kondo exchange coupling depends on the details of the adjacent
charge states, e.g. changes in anisotropies and total spin. For a quantitative calculation
further input from experiment and ab-initio calculations (e.g. [PP04]) is needed.
Now we consider a dominant QTM perturbation of higher symmetry,B4  B2/S2, B6S2.
For B2 = B6 = 0 we have 4 disjoint subsets of basis states which cannot be con-
nected by the QTM term, e.g. for B4S2  D the ground states are linear combina-
tions of {| ∓ S ± 4k〉}k=0,1,2,..., see Fig. 7.3(a,b). While condition (7.11) is fulfilled for
S = 5/2 + 2m, (m = 0, 1, . . . ), Fig. 7.3(a), it is violated for spin S = 7/2 + 2m. In
the latter case, only the spin lowering operator can increase the pseudo-spin, Fig. 7.3(b).
However, with increasingB4S2/D a level crossing between the ground and excited state
of different symmetry results in a sharp change in the Kondo temperature. Hence B4
induces a quantum-phase transition, see Fig. 7.4 for S = 7/2, c.f. [RWS06].
Finally, we mention the possibility that the Kondo coupling can not connect two TR-
invariant subsets which leads to a complete vanishing of the effective coupling constants
jx,y = 0. The lowest order QTM where this effect takes place is of sixth order: in gen-
eral the Kondo coupling cannot overcome the “mismatch” |∆Sz| = 6, see Fig. 7.3(c).
In this case only for intermediate or strong B6 a level crossing may give rise to ground
states which support a Kondo effect.
7.4 Numerical RG
We use Wilsons’s NRG [Wil75, Hof00a] to check the results of our scaling analysis
taking into account the full model (i.e. no truncation to a ground state doublet is made).
As input parameters we take J = 0.1W , number of states N = 1500, discretization
Λ = 2 andD = 10−2W . Since the original procedure has been formulated for a spin-1/2
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(a) (b) (c)
Figure 7.3: Scheme for the spin selection rule. (a) It is fulfilled for QTM B4 and S =
5/2 leading to a Kondo effect. (b) For QTM B4 and S = 7/2 the product of the
effective couplings jxjy < 0 and the Kondo effect is suppressed. (c) For QTM B6 and
spin S = 9/2. The Kondo coupling can not couple the ground state doublet.
Figure 7.4: Kondo temperature, deduced from the NRG level flow, as function of QTM
B4 for S = 5/2, 7/2, 9/2. All other parameters as in Fig. 7.2.
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Kondo model we have modified it to incorporate an arbitrary spin of the impurity. We
analyzed the RG level flow as function of iteration numberNiter in order to determine the
low-temperature fixed point and the Kondo temperature which is defined as the energy
scale where the crossover to strong coupling takes place. For half-integer spin S and
D > 0 we observe a flow to the strong coupling fixed point only for a QTM perturbation
B2n 6= 0, as expected from the above scaling analysis. The Kondo temperature for spin
S = 3/2, 5/2, 7/2 and dominant B2 QTM is plotted in Fig. 7.2. It shows in good
qualitative agreement with the scaling results the discussed non-monotonic behavior
as function of the QTM. For dominant B4 QTM the Kondo temperature is plotted for
spin S = 5/2, 7/2, 9/2 in Fig. 7.4. The mapping onto a pseudo-spin-1/2 system is
valid as long as there is no crossing of levels and TK does not exceed the gap to the
first excited state. The former is the case for the experimentally most relevant regime
B2nS
2(n−1) < D.
7.5 Discussion
Consequently the observation of Kondo-tunneling through SMMs requires a judicious
selection of three quantities:
• the total spin must be half-integer;
• the dominant QTM perturbation should be moderate B2nS2n−2 . D and
• the total spin should satisfy the selection rule (7.11) if a high-symmetry QTM
term dominates.
In experiments where the charge state, and hence the spin state, can be controlled by
a gate voltage, the Kondo effect can only be seen in every (2n) subsequent Coulomb
diamond for molecules with a dominant (2n) QTM perturbation. This assumes that the
spin S increases/decreases by 1
2
every next charge state and has to be contrasted to the
even/odd alternation of the Kondo effect usually observed in quantum dots. It would
be of interest to mechanically alter the symmetry of the magnetic core of the SMM
in situ, e.g. in a mechanically controlled break-junction setup [ROB+02], and thereby
suppress/enhance the Kondo effect.
7.6 Summary
Using scaling and numerical renormalization group techniques we have found that spin-
and electron-tunneling become correlated in half-integer spin magnetic molecules which
are strongly coupled to electrodes. The spin-1/2 Kondo anomaly in the linear conduc-
tance signals the externally induced tunneling of the magnetization of the molecule.
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The Kondo temperature shows a non-monotonic dependence on the relative strength
of the transverse magnetic anisotropy of the molecule. Importantly, the large spin of
SMMs is found to compensate for anisotropy effects which are expected to suppress
Kondo physics. The symmetry of the transverse anisotropy imposes a selection rule:
the Kondo effect only occurs for selected values of the molecular spin.
Chapter 8
Kondo-transport spectroscopy of single
molecule magnets
We demonstrate that in a single molecule magnet (SMM) strongly coupled to electrodes
the Kondo effect involves all magnetic excitations. This Kondo effect is induced by the
quantum tunneling of the magnetic moment (QTM). Importantly, the Kondo tempera-
ture TK can be much larger than the magnetic splittings. We find a strong modulation
of the Kondo effect as function of the transverse anisotropy parameter or a longitudinal
magnetic field. For both integer and half-integer spin this can be used for an accurate
transport spectroscopy of the magnetic states in low magnetic fields on the order of the
easy-axis anisotropy parameter. We set up a relationship between the Kondo effects for
successive integer and half-integer spins.
8.1 Introduction
Single molecule magnets (SMMs) allow the study of quantum phenomena on a meso-
scopic scale, namely the quantum tunneling of the magnetic moment. SMMs such as
Mn12 or Fe8 have attracted intense experimental and theoretical investigation [GS03] in
recent years. Due to weak intermolecular interaction molecular crystal properties can
be assigned to single molecules described by a large spin (S > 1/2), and easy-axis
and transverse anisotropies. Recently, two groups [HdGF+06b, JGD+] have trapped a
single molecule magnet (Mn12) in a three terminal transport setup and measured trans-
port through the single molecule. Electron transport fingerprints due to both sequen-
tial [HdGF+06b, JGD+] and inelastic co-tunneling [JGD+] processes were observed
and associated with the molecular magnetic states. Theoretical works [KK04, RWHS06,
RWS06] predicted that fingerprints of magnetic quantum tunneling (QTM) can in prin-
ciple be identified in transport measurements in the charge (sequential tunneling) as
well as in the spin fluctuation (Kondo) regime. Especially the latter regime of strong
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coupling to the electrodes is of importance since the Kondo effect shows up as a sharp
zero-bias anomaly with width given by the Kondo temperature TK . The Kondo ef-
fect has been observed experimentally in many other systems with small spins (e.g.
quantum dots [GGSM+98, COK98, SBK+99, SWEvK00, vdWdFF+00] and single
molecules [PPG+02, LSB+02]). For SMMs with half-integer spin S in zero magnetic
eld it was shown [RWHS06] that the Kondo effect arises from a cooperation of both
spin exchange processes with the reservoirs and the intrinsic tunneling of the magnetic
moment. The strong coupling fixed point is of pseudo-spin-1/2 type. In this limit the ex-
change coupling J is weak, such that the resulting Kondo temperature TK(J,∆)  ∆,
where ∆ . 1 meV is the scale of the anisotropy splittings between the magnetic states.
In this case, the Kondo effect involves only the two magnetic ground states of the SMM
and does not occur for integer spin.
In the following we study the Kondo effect in the experimentally more favorable regime
of strong exchange (J ∼ 0.1 eV) where the Kondo temperature becomes larger than
the magnetic splittings TK(J,∆)  ∆. We find that excited magnetic levels on the
SMM, belonging to different topological sectors (with respect to rotations around the
z-axis), become essentially involved in the Kondo effect. In zero magnetic field and
for half-integer spin the Kondo effect can be modulated by changing the transverse
anisotropy, resulting in a sequence of Kondo effects associated with different magnetic
excited states. A longitudinal magnetic field can induce two important new effects: (1)
For both integer and half-integer spin the Kondo effect is suppressed at each anticrossing
of magnetic levels belonging to the same topological sector. The corresponding sharp
magnetic field scale is determined by the transverse magnetic anisotropy. Therefore the
study of the magnetic field dependence allows for an accurate spectroscopy of the mag-
netic states. This modulation of the Kondo effect allows for an experimental proof of
the existence of QTM in a single molecule in a transport junction and to determine the
important microscopic parameters characterizing the SMM in that setup. The magnetic
eld induced Kondo effect for integer spin SMMs allows many molecular magnets like
e.g. Fe8 to be studied without charging the molecule to obtain a half-integer spin. (2)
We find that the Kondo effects for successive integer and half-integer spin S display a
close correspondence when shifted in magnetic field energy by the easy-axis anisotropy
parameter D.
8.2 Model
We consider a SMM (Fig. 8.1) in a transport setup where the applied voltages, charg-
ing effects and low temperature suppress single-electron processes [RWHS06]. In the
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presence of a longitudinal magnetic field the Hamiltonian readsH = HSMM+Hex+Hres:
HSMM = −DS2z + 12B2
(
S2+ + S
2
−
)
+HzSz (8.1)
Hex = JS · s (8.2)
Hres =
∑
kσ
kσa
†
kσakσ (8.3)
where Sz is the projection of the SMM’s spin on the easy z-axis, and S± = Sx ±
iSy. The terms in Eq. (8.1) describe, respectively, the easy-axis magnetic anisotropy
of the molecule, the transverse anisotropy perturbation and the coupling to a magnetic
field (Hz) along the easy axis. The g-factors are absorbed into the magnetic field. For
simplicity we have taken a 2-fold rotation-symmetry axis, which is dominant in many
molecular magnets. The Hilbert space of HSMM is split into two disjoint topological
subspaces σ = ± since the 2-fold rotational symmetry about the z-axis is preserved
under the longitudinal magnetic field. While for half-integer S these spaces are spanned
by an equal number of n+ = n− = S + 1/2 basis-states
{|S,M〉}M=σS,σ(S−2),...,−σ(S−3),−σ(S−1),
for integer spin they are spanned by n+ = S + 1 states
{|S,M〉}M=−S,−S+2,...,S−2,S
for σ = + and by n− = S states
{|S,M〉}M=−S+1,−S+3,...,S−3,S−1
for σ = −. The eigenstates |lσ〉 ofHSMM with energies Elσ are labeled by l = 1, 2, .., nσ
in order of decreasing energy in each subspace (see Fig. 8.1). Eq. (8.2) describes the
exchange coupling of the molecular spin to the effective reservoir Eq. (8.3) (bandwidth
2W and constant density of states ρ). The electronic states are labeled by kσ and de-
note the even combination of left and right physical electrode states [GR88, NL88].
The local electron spin in the reservoir is s =
∑
kk′
∑
σσ′ a
†
kστσσ′ak′σ′/2 where τ is the
Pauli-matrix vector. The exchange coupling J is induced by virtual electron tunneling
processes and is antiferromagnetic due to the strong energy- and charge quantization ef-
fects. The Kondo spin-scattering of conduction electrons off the SMM transfers charge
between physical left and right electrodes and can resonantly enhance the linear con-
ductance. The half-width at half-maximum of the resulting zero-bias differential con-
ductance peak at T = 0 is the Kondo temperature TK .
For a qualitative discussion it is useful to change to the exact representation of Eq. (8.2)
in the eigenbasis of the molecular states |lσ〉:
Hex =
∑
ll′
(∑
i=x,y
J ill′P
i
ll′si +
∑
σ
Jzll′σ |lσ〉〈l′σ| sz
)
. (8.4)
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Figure 8.1: Energy diagram for HM with B2  D without (left) and with (right) mag-
netic field. The two subsets of eigenstates of different magnetic symmetry are indicated
by full and dashed bars.
The Hamiltonian Eq. (8.4) describes the exchange processes involving reservoir elec-
trons and internal magnetic degrees of freedom of the SMM. This projection makes
explicit that the QTM parameter B2 and the external magnetic field Hz modulate the
effective couplings through the matrix elements of the molecular spin operator S. The
first, transverse, term describes the spin-scattering involving a pair of states |l+〉 and
|l′−〉 in terms of pseudo-spin-1/2 operators
P xll′, iP
y
ll′ = (|l+〉〈l′ − | ± |l′−〉〈l + |)/2 (8.5)
with effective exchange couplings
J
x/y
ll′ = J 〈l + |S+ ± S−|l′−〉. (8.6)
In total, there are n+n− such pairs of states from opposite topological sectors. The
longitudinal couplings read
Jzll′σ = J〈lσ|Sz|l′σ〉. (8.7)
Longitudinal spin operators
P zll′ = (|l+〉〈l + | − |l′−〉〈l′ − |)/2 (8.8)
can only be introduced in a unique way if an approximative projection onto a single
pair is made. For instance, one recovers the projection of Ref. [RWHS06] onto the
ground state pair for zero-field and half-integer S by using time-reversal symmetry and
by truncating the excited states. However, such a truncation is not valid in the regime
of interest here: the strong exchange coupling J gives rise to a Kondo temperature that
can be larger than the magnetic splittings (TK & 2SD for B2  D). The Kondo effect
can occur irrespective of whether the pair of states |l+〉 and |l′−〉 are ground- or excited
states of the SMM and whether they are exactly degenerate or not. The Kondo effect
8.3 PHYSICAL PICTURE 93
therefore involves contributions from multiple topological pairs. This we confirmed
explicitly by calculating the projection of the full many-body ground state onto each
molecular eigenstate using the NRG. Thus the full expression for Hex, Eq.( 8.4), must
be retained for which a unique decomposition into a sum of independent pairs is not
possible. This is due to the fact that a single eigenstate of the SMM |lσ〉 is paired with
n−σ > 2 states |l′ − σ〉.
8.3 Physical picture
Variation of either the QTM parameter B2 or the magnetic field Hz results in anticross-
ings of magnetic levels. As shown in Fig. 8.1 the variation of the magnetic field leads
to an alternating sequence of degeneracies between pairs of levels which are in different
subspaces (crossings) or in the same subspace (anticrossing). Importantly, this occurs
in the low magnetic field energy window where the Zeeman splittings are still smaller
than TK (Elσ−El′σ′ < TK). The effective couplings in Eq. (8.4) are modulated strongly
at each anticrossing leading to a suppression of the Kondo effect on a scale ∼ B2, as we
now explain. At an anticrossing states |lσ〉 and |l′σ〉 from the same topological sector
are close in energy and strongly hybridize due to the transverse anisotropy. Following
two levels adiabatically during an anticrossing they interchange their role and one basis
state picks up a relative phase pi. For example, in Fig. 8.1 the level |1+〉 is moving
upwards and the level |2+〉 downwards in energy after the anticrossing. For each topo-
logical pair involving one of the anticrossing levels this leads to a sign change of one of
the transverse couplings, as can be seen easily from Eq. (8.6). The latter therefore van-
ish at the anticrossing and the Kondo effect is expected to be suppressed. This happens
on a magnetic field scale proportional to the tunnel splitting, i.e. will occur as a sharp
feature in the linear conductance as function of a longitudinal magnetic field. In a sim-
ilar way, in zero field the variation of the QTM parameter B2 itself leads to a series of
anticrossings, which for a half-integer spin preserves the 2-fold Kramers degeneracy of
all levels. This happens due to the non-uniform level spacing and the coupling of states
occurs in different orders of perturbation theory in B2 (higher-lying levels hybridize
more strongly for weak B2).
8.4 Method
We use Wilsons’s NRG [Wil75, Hof00a] to treat non-perturbatively the full model
H = HSMM +Hex +Hres. As NRG input parameters we use number of statesN = 1000,
discretization Λ = 2 and D = 10−4W . We analyzed the NRG level flow as function of
iteration numberNiter in order to determine the low-temperature fixed point for Hz = 0.
The Kondo temperature is defined as the energy scale where the crossover to strong
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coupling takes place. We also calculated the spectral function within the T -matrix ap-
proach [Cos00]:
Aσ(ω) = − 1
pi
ImTσ(ω + iδ) (8.9)
where the T -matrix is
Tσ(ω) = 〈〈Oσ;O†σ〉〉 (8.10)
with
Oσ =
J
2
(
c0,−σS−σ + σc0,σSz
)
(8.11)
and c0,σ =
∑
k ck,σ is the electron operator on the first site of the Wilson chain. The low
temperature conductance
G = −1/2
∑
σ
∫
dωAσ(ω)df(ω)/dω (8.12)
is proportional to the spectral function, where f(ω) = 1/(eω/T + 1). The effects con-
sidered here are difficult to capture in a poor-man’s scaling approach due to the strong
coupling and the many excited states involved. However, another useful guide to the full
NRG results in this regime is the spin binding energy ∆E, obtained by diagonalizing
exactly the molecular Hamiltonian Eq. (8.1) coupled by exchange to a single conduction
electron spin. This is similar to the first step of a NRG calculation and will be denoted
as the zero-bandwidth model. The ground- to excited-state gap ∆E thus obtained fol-
lows the modulation of TK by B2 and Hz accurately, although the scales of ∆E and
TK strongly differ. Apparently, for a sizable range of the relevant exchange strengths
J < W the zero-bandwidth estimate ∆E is renormalized uniformly by the coupling to
the remaining conduction band electrons. This estimate breaks down, when the modu-
lation involves a suppression of TK far below the scale of the magnetic splittings: then
the renormalization becomes non-uniform and the variation may deviate from the NRG.
8.5 Kondo effect due to excited states tuned by QTM
We first consider the case of zero magnetic field. For integer spin this corresponds to an
anticrossing: the eigenstates are paired to nearly degenerate states from the same sub-
space which are splitted by the transverse anisotropy. Consequently, as discussed above
the Kondo effect is suppressed, resulting even in a dip in the spectral function, see be-
low. In contrast, for half-integer spin many topological pairs are degenerate (crossing)
due to time-reversal symmetry, see Fig. 8.1. The NRG converges to the spin-1/2 strong
coupling fixed point, indicating a complete screening of the magnetic degrees of free-
dom. As shown in Fig. 8.2(a) the Kondo temperature shows an oscillatory dependence
on B2/D. The number of oscillations for 0 ≤ B2 ≤ D is S − 1/2. When decreasing
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Figure 8.2: Dependence of TK on the transverse anisotropy B2/D: (a) TK from the
full NRG calculation, (b) spin binding energy estimate ∆E. Parameters: S = 7/2,
D = 10−4W .
the exchange coupling J the smallest peaks disappear first, leaving only the monotonic
increase of TK up to the broad maximum centered at B2 ∼ D in the limit where the
magnetic excitations can be neglected [RWHS06]. The spin binding energy ∆E cap-
tures this dependence on B2/D, as shown in Fig. 8.2(b). Interestingly, we find that
the nature of the ground state of the zero-bandwidth model changes with each oscil-
lation which can in turn be related to an anticrossing of magnetic states on the SMM.
For instance, for weak B2  D near the lowest peak in Fig. 8.2(b) the highest excited
Kramers doublets are strongly mixed into the zero-bandwidth model ground state. In
contrast, for B2 ∼ D near the highest peak in Fig. 8.2(b) the ground doublet dominates
in the ground state. This demonstrates that the observed strong coupling Kondo fixed
point in the NRG indeed originates from a screening of magnetic degrees of freedom in-
volving excited magnetic states of the SMM. Which of these excited states are important
depends on B2/D.
8.6 Kondo-spectroscopy of SMMs
We now focus on the most relevant case of fixed weak QTM (B2  D) and vary the
longitudinal magnetic field Hz. For many magnetic field values the spectral density
shown in Figs. 8.3(a)-8.3(d) displays a zero-bias Kondo resonance. The corresponding
many-body ground state found in the NRG at the strong coupling fixed point is non-
degenerate. This peak is strongly modulated at avoided crossings of states from the
same subspace at Hz/D ≈ 2k (2k + 1), k = 1, 2, . . . for integer (half-integer) spin. As
discussed above, this is related to the strong suppression of effective exchange couplings
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on the magnetic field scale B2 near an anticrossing. In contrast, the spectral function
varies smoothly at level crossings located at Hz/D ≈ 2k + 1 (2k) for integer (half-
integer). In this way the two scales D and B2 can be identified in the magnetic field
dependence of the linear conductance. For integer spin S = 1 the spectral function in
Fig. 8.3(a) shows a dip forHz = 0 (anticrossing of |1+〉 and |2+〉). At fieldsHz ∼ B2 a
Kondo peak is induced which reaches maximal height at Hz = D (crossing of |1+〉 and
|1−〉). This Kondo peak is subsequently suppressed and splitted due to the Zeeman level
shifts, see Fig. 8.1. For half-integer spin S = 3/2 the zero-frequency peak at Hz = 0 in
Fig. 8.3(b) is broadened with increasingHz. This broadening is maximal atHz = D and
is also captured by the Hz/D dependence of the spin-binding energy ∆E (not shown).
The full NRG result in addition shows a sharp dip superimposed on the broad peak at
Hz = D (anticrossing of |1+〉 and |2+〉). At this point the situation is very similar to
the S = 1 case, provided one neglects the contribution of the low lying state |2−〉 and
reduces the magnetic field by D, see Fig. 8.1. Indeed, increasing the field further to
Hz = 2D, the Kondo effect reappears precisely as for S = 1 near Hz = D. For larger
spin the physics is qualitatively the same: the spectral function in Figs. 8.3(c), 8.3(d)
displays several dips of the Kondo peak close to each anti-crossing. The correspondence
pointed out above is more general: the linear conductance of a SMM with spin S at
magnetic fieldHz corresponds qualitatively to that of a SMM with reduced spin S−1/2
and reduced magnetic field Hz−D. This can be shown using the Hamiltonian Eq. (8.4)
in the molecular eigenbasis. For fixed J the correspondence in the conductance is most
obvious for subsequent S values. The conductance for spin S near Hz = nD (n =
1, 2, . . . , 2S − 1) can even be compared with that for S − n/2 around zero-eld by
iterating n times, which we have checked. However, a clear correspondence appears
only when J is properly adjusted.
8.7 Robustness and transverse magnetic fields
We have checked (Figs. 8.4(b), and 8.4(e)) that small fixed transverse magnetic field
perturbation Hx does not destroy the reentrant behavior of the Kondo effect as the lon-
gitudinal field is varied. A transverse field is qualitatively different from a longitudinal
field since it lifts the splitting of the Hilbert space in two subsets of states. In the pres-
ence of a fixed transverse field Hx 6= 0 all magnetic states are coupled and only avoided
crossings as function of the longitudinal field at values Hz ≈ nD appear which can
be seen in comparison between Figs. 8.4(a) and 8.4(b) for S = 3/2 and Figs. 8.4(d)
and 8.4(e) for S = 7/2. The corresponding energy scale of the anticrossings is still
given by the tunnel splitting incorporating also the transverse magnetic field. If only the
transverse field is varied (Figs. 8.4(c) and 8.4(f)) the spin-1/2 Kondo effect forHx = 0 is
destroyed by the Zeeman splitting. Even though levels cross at diabolical points [Bru06]
the Kondo effect shows no reentrant behavior.
8.7 ROBUSTNESS AND TRANSVERSE MAGNETIC FIELDS 97
0 1 2 3
Hz/D
-0.01
-0.005
0
0.005
0.01
ω
0 0.05 0.1 0.15 0.2
(a)
0 1 2 3 4
Hz/D
-0.01
-0.005
0
0.005
0.01
ω
0 0.05 0.1 0.15 0.2
(b)
0 1 2 3 4 5 6 7
Hz/D
-0.02
-0.01
0
0.01
0.02
ω
0 0.1 0.2 0.3 0.4 0.5
(c)
0 1 2 3 4 5 6 7 8
Hz/D
-0.02
-0.01
0
0.01
0.02
ω
0 0.1 0.2 0.3 0.4 0.5
(d)
Figure 8.3: Spectral function, qualitatively equivalent to dI/dVbias as function of Hz/D
and frequency ω (a) for smallest non-trivial integer spin S = 1, (b) half-integer spin
S = 3/2, and (c) large integer S = 3, (d) half-integer spin S = 7/2. Parameters:
J = 0.15W,D = 10−4W and B2/D = 0.1.
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Figure 8.4: Robustness. Spectral function, qualitatively equivalent to dI/dVbias as func-
tion of Hz/D and frequency ω for S = 3/2: (a) for vanishing transverse Hx = 0 and
(b) small transverse field Hx/D = 0.2 the Kondo effect exhibits reentrant behavior. (c)
dI/dVbias as function of the transverse field Hx/D and frequency ω for Hz = 0. The
Kondo effect is destroyed by the Zeeman splitting. (d)-(f) same as (a)-(c) except for
S = 7/2. Parameters: J = 0.2W,D = 10−4W and B2/D = 0.1.
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Figure 8.5: Correspondence for subsequent spin values. Spectral function, qualitatively
equivalent to dI/dVbias as function ofHz/D and frequency ω for a fixed small transverse
fieldHx/D = 0.2 (a) for S = 3 and (b) S = 7/2. Parameters: J = 0.15W,D = 10−4W
and B2/D = 0.1.
For a small fixed transverse field Hx = 0.2D the correspondence in the conductance
for subsequent S values is illustrated for spins S = 6 and S = 7/2 in Figs. 8.5(a)
and 8.5(b).
8.8 Conclusion
Magnetic field Kondo transport spectroscopy can determine the absolute value of the
spin and the magnetic parameters of a SMM in a transport junction. The strong Kondo
effect in SMMs discussed in this work can be accessed experimentally by increasing
the exchange coupling. In STM setups one can reduce the distance to the molecule, or
change the molecular geometry by a bias-voltage pulse [IDH06]. In 3-terminal measure-
ments [HdGF+06b, JGD+] one can tune the exchange coupling with the gate voltage:
J ∝ 1/|V ∗g −Vg|. In addition, both the charge- and spin- state can be changed by tuning
the gate voltage to opposite sides of the charge degeneracy point Vg = V ∗g . If a single-
electron transport current [RWS06] is observed at this point c.f. [HdGF+06b, JGD+],
S only changes by 1/2. Then the predicted clear correspondence between the linear
conductance for subsequent integer and half-integer spin values provides an additional
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check on the physics. Importantly, the spectroscopy can be done at temperatures above
the energy scale of the magnetic splittings and requires only low magnetic fields which
do not destroy the Kondo effect by Zeeman splittings.
Part III
Summary and outlook
Chapter 9
Summary
In this thesis we analyzed how the internal degrees of freedom of a molecule affect
tunneling electrons in transport experiments. The studied molecules have already ex-
hibited interesting properties in other experimental setups, e.g. the quantum tunneling
of the magnetic moment in clusters of single molecule magnets or unusual reduction
properties of grid-complexes in cyclic voltammetry experiments. We demonstrated that
their intrinsic properties lead to unique fingerprints also in the transport spectroscopy.
Moreover, such experiments may provide answers to outstanding questions, e.g. if the
quantum tunneling of the magnetic moment in a single molecule can be observed.
We developed therefore minimal transport models that incorporate the intrinsic prop-
erties of the molecules under consideration, e.g. magnetic anisotropies, large spin or dif-
ferent redox centers. In the non-equilibrium regime we used a master equation approach
that captures the physics correctly in the limit of weak tunneling between electrode and
molecule. Such an approach has been established in quantum dot physics and had to be
extended in order to incorporate the special properties of single molecules. In the limit
of strong electrode-molecule coupling we performed poor man’s scaling and numeri-
cal renormalization group calculations which also had to be generalized to capture the
molecular properties. In both limits the peculiar molecular properties lead to transport
fingerprints that may be used as an identification that a molecule bridges the gap in the
junction (and not an unwanted particle). The results of Chapters 4 to 8 are summarized
in the following.
Charge-switchable molecular magnet and spin-blockade
of tunneling
In this Chapter we have modeled electron transport through a [2×2]-grid complex taking
into account different redox centers. Our model contains both localized magnetic mo-
ments and delocalized electrons, in contrast to the customary description of molecular
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magnets where charge degrees of freedom are eliminated. The addition of extra elec-
trons that occupy ligand orbitals leads to a non-monotonic change of the intramolecular
spin due to the Nagaoka spinpolarization mechanism. For a grid-complex with localized
spins on the mediating metal ions (Co) the total spin in the Nagaoka state is more than
twice as large as for the Fe-grid complex. The direct exchange coupling of these spins
with the neighboring ligands cooperates with the Nagaoka effect, by counteracting anti-
ferromagnetic superexchange processes with the ligands and thereby further stabilizing
the high spin state. We showed that low temperature electron tunneling experiments can
access the change of the molecular spin as a function of added charge and even the role
of high-spin excitations in subsequent charge states.
Electron transport through single Mn12 molecular mag-
nets
The first single electron tunneling experiments through single Mn12 molecules that are
weakly coupled to gold electrodes were reported. We explained qualitatively key fea-
tures of the experiment, i.e. negative differential conductance and a complete current
suppression on the energy scale of the anisotropy barrier, by our model taking into ac-
count the intrinsic properties of the molecule. We found that the magnetic anisotropy
barrier is most important for the description of the experimental results. These point to
a new direction in the study of single-molecule transistors and possibly lead to electronic
control of nano-magnets.
Spin quantum tunneling in single molecular magnets
In this Chapter we studied how the quantum tunneling of the magnetization shows up in
transport spectroscopy of magnetic molecules in the weak coupling regime. The latter
is a challenging task since typically many resonances are hidden by spin-selection rules
or do not correspond to addition energies of the molecule or shift with temperature.
Measuring shot-noise allows for an identification of “misleading” excitations without
changing the temperature. If the total spin values are known, a reconstruction of the
spectrum from the excitations exhibiting negative differential conductance is possible.
In addition, we demonstrated that the magnetic symmetry of the anisotropy leads also
to interesting transport effects, e.g. a complete current suppression. The link we es-
tablished between transport effects and spin-Hamiltonian parameters may be extended
down to the microscopic details of magnetic molecules with further input from ab-initio
calculations and energy spectroscopy on charged states of SMMs.
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Quantum tunneling induced Kondo effect in single molec-
ular magnets
Using scaling and numerical renormalization group techniques we have found that spin-
and electron-tunneling become correlated in half-integer spin molecular magnets when
strongly coupled to electrodes. The Kondo anomaly in the linear conductance signals
the externally induced tunneling of the magnetization of the molecule. The Kondo tem-
perature shows a non-monotonic dependence on the relative strength of the transverse
magnetic anisotropy of the molecule. Importantly, the large spin of SMMs is found to
compensate for anisotropy effects which are expected to suppress Kondo physics. Also
in this regime the symmetry of the transverse anisotropy imposes a selection rule: the
Kondo effect only occurs for selected values of the molecular spin.
Kondo-transport spectroscopy of single molecule magnets
In this Chapter we discussed the limit where the exchange coupling is large compared to
the molecular anisotropy. In this regime magnetic excitations of the molecule influence
the transport in a significant way and lead to Kondo physics which can be probed with
a longitudinal magnetic field. The magnetic field transport spectroscopy can determine
the absolute value of the spin and the magnetic parameters of a SMM in a transport
junction. Moreover we predict a correspondence in the linear conductance between
subsequent integer and half-integer spin values.
Chapter 10
Outlook
During the work on this thesis several additional questions came up which are summa-
rized below.
• Recently performed transport experiments through Co-grids exhibit a complete
current suppression in some samples. The origin of this blockade is under dis-
cussion. However, several features in the conductance map indicate that vibronic
degrees of freedom play a decisive role.
• Concerning transport through single molecular magnets the study of spin-polarized
electrodes is of great interest in both weak- and strong coupling. It is known from
quantum dots [MSB+03] that spin-polarized electrodes induce an effective mag-
netic field on the quantum dot that destroys Kondo correlations. However, an
externally applied magnetic field can compensate for that. The similar situation
for single molecular magnets is not obvious due to the presence of many spin
excitations and the quantum tunneling.
• In this thesis the conductance through single molecular magnets was investigated.
The spectral density shows a dip for integer spin in the absence of a magnetic
field that is induced the quantum tunneling of the magnetic moment. A complete
analytical description of this feature is needed. Is this dip related to destructive
interference between two scattering processes?
• Clusters of SMMs show hysteresis in the magnetic properties. It is an open
question how hysteresis in the transport properties can be generated by a single
molecule.
• A more microscopic SMM model can be formulated taking into account the single
magnetic centers of SMMs (similar as for the grid-molecules) with their internal
exchange coupling as well as their anisotropy. In addition, the effect of spin-
phonon coupling should be included.
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Figure 10.1: High symmetry QTM. Spectral function, qualitatively equivalent to
dI/dVbias as function of Hz/D and frequency ω for spin S = 5/2 Parameters: J =
0.15W,D = 10−4W and B4/D = 0.02.
• The magnetic field dependence of the conductance of SMMs with a high sym-
metry QTM has to be investigated. It is not clear how the correspondence of
the conductance from adjacent spin states is modified by a high symmetry QTM.
Is the number of peaks in the Kondo temperature as function of the QTM still
S − 1/2 for a spin S? A prelimiary result concerning these questions is shown in
Fig. 10.1.
Part IV
Appendix
Appendix A
Calculation of the T -matrix
The T -matrix approach has been used in Chapter 8 in order to calculate the spectral
function of the SMM. In the following we outline details of the calculation.
The T -matrix is given by
Tσ(ω) = 〈〈Oσ;O†σ〉〉 (A.1)
with
Oσ =
J
2
a0,−σS−σ + σ
J
2
a0,σSz (A.2)
and a0,σ =
∑
k ak,σ is the electron operator on the first site of the Wilson chain. We
begin with the calculation of the commutator in the Lehmann representation.
〈[Oσ(t)H , O†σ]〉ρ0 = 〈eiHtOσe−iHtO†σ +O†σeiHtOσe−iHt〉ρ0
=
1
Z
∑
m
〈m|e−βH(eiHtOσe−iHtO†σ +O†σeiHtOσe−iHt)|m〉
=
1
Z
∑
m,n
e−βEm ×[
ei∆mnt(Oσ)mn(O
†
σ)nm + e
i∆nm)t(O†σ)mn(Oσ)nm
]
(A.3)
where we defined the matrix elements (Oσ)mn = 〈m|O|n〉 and ∆mn = Em−En. Hence
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the correlator is given by
〈〈Oσ;O†σ〉〉 =
−i
Z
∑
m,n
e−βEm ×∫ ∞
0
dt
[
ei(z−∆nm)t(Oσ)mn(O
†
σ)nm + e
i(z−∆mn)t(O†σ)mn(Oσ)nm
]
=
1
Z
∑
m,n
e−βEm
(
(Oσ)mn(O
†
σ)nm
ω −∆nm + iη +
(O†σ)mn(Oσ)nm
ω −∆mn + iη
)
η→0+−→ 1
Z
∑
m,n
e−βEm ×[
(Oσ)mn(O
†
σ)nm {P (ω −∆mn)− ipiδ(ω −∆mn)}
+(O†σ)mn(Oσ)nm {P (ω −∆nm)− ipiδ(ω −∆nm)}
]
(A.4)
And the expectation value of Sz gives
〈Sz〉 = 1
Z
∑
m
e−βEm〈m|Sz|m〉〉
⇒ Im〈Sz〉 = 0 (A.5)
Hence the impurity spectral density is given by
A(ω) = − 1
pi
∑
σ
ImTσ(w + iη, T )
=
1
Z
∑
σ
∑
m,n
e−βEm ×{
(Oσ)mn(O
†
σ)nmδ(ω −∆mn) + (O†σ)mn(Oσ)nmδ(ω −∆nm)
}
(A.6)
The matrix elements (Oσ)nm decompose into two parts where the spin-part can be cal-
culated in the first NRG iteration and the part including the conduction band operator is
calculated in the second NRG iteration.
Appendix B
Other mechanisms for complete
current blockade: Easy-axis to
easy-plane transition
In Chapters 5 and 6 we discussed various situations where transport through single
molecule magnets is completely blocked at finite bias voltage.
Spin-blockade may also occur if the electron addition distorts the intramolecular
spin-coupling to such an extent that the anisotropy constant changes its sign, see Fig. B.1(a),
resulting in an easy axis- to hard axis-transition. Even though the total spin of both
charge states differs by 1/2 the ground state transition is blocked due to the selection
rule for the spin projection M . A single reservoir electron with spin 1/2 can’t flip the
molecular spin from |M | = 3 to |M ′| = 1/2 (red dashed line in Fig. B.1(a)). Starting in
the N = 0 ground state transport becomes possible when the transition from |M | = 3
to |M ′| = 5/2 is in the bias window. In contrast, starting in the N = 1 ground state the
first possible transition is from |M ′| = 1/2 to |M | = 1. The size of the blockade region
of one charge state equals the height of the MAB of the other charge state. Hence the
size of the blockade regions differs in both charge states, see Fig. B.1(b).
Perturbations of the selection rule for the spin projection induced by the quantum
tunneling of the magnetic moment lead to a decrease of the blockade region.
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Figure B.1: Different types of current blockade showing up in dI/dV as function of
(Vgate, Vbias). Easy-axis to easy-plane transition: leads to a current blockade in each
charge sector of the size of the MAB of the adjacent charge sector: S (0) = 3, S(1) =
5/2, D(0) = −D(1) = 0.1, B2 = 0, T = 0.02.
Appendix C
Poor man’s scaling for single molecule
magnets: Magnetic excitations
In this Appendix we calculate the scaling equation taking into account all magnetic ex-
citations that build the magnetic anisotropy barrier (MAB). In the absence of a magnetic
field the Hilbert space splits into 2n subspaces for a transvers anisotropy B2n- Without
loss of generality we restrict ourselves to n = 1. A generalization to high symmetry
QTM can easily be performed.
For half-integer spin the eigenstates of the molecular Hamiltonian
Hmol = −DS2z +
1
2
B2
(
S2+ + S
2
−
)
(C.1)
are a sum of Kramers doublets which we label by l = 1, · · · , S+1/2 and corresponding
to energy El. Two states forming doublet are connected by time-reversal symmetry and
are labeled by σ = ±. In order to perform a scaling analysis it is convenient to introduce
pseudo-spin-1/2 operators by
Sαll′ =
∑
ττ ′
1
2
σαττ ′X
ττ ′
ll′ (C.2)
Nll′ =
∑
τ
Xττll′ . (C.3)
Here the projection operators X ττ ′ll′ are defined
Xττ
′
ll′ = |lτ〉〈l′τ ′|. (C.4)
These operators obey the following relations
Sαll′S
β
mm′ =
i
2
εαβγS
γ
lm′δl′m +
1
4
δαβNlm′δl′m (C.5)[
Sαll′, S
β
mm′
]
=
i
2
εαβγ (S
γ
lm′δl′m + S
γ
ml′δlm′) +
1
4
δαβ (Nlm′δl′m −Nml′δlm′)(C.6)
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which can be proven
Sαll′S
β
mm′ =
1
4
∑
σσ′ττ ′
σασσ′σ
β
ττ ′X
σσ′
ll′ , X
ττ ′
mm′
=
1
4
∑
σσ′ττ ′
σασσ′σ
β
ττ ′X
στ ′
lm′ δl′mδσ′τ
=
1
4
∑
σττ ′
σαστσ
β
ττ ′X
στ ′
lm′ δl′m
=
1
4
∑
στ ′
(
σασβ
)
στ ′ X
στ ′
lm′ δl′m
=
i
2
εαβγS
γ
lm′δl′m +
1
4
δαβNlm′δl′m[
Sαll′, S
β
mm′
]
=
1
4
∑
σσ′ττ ′
σασσ′σ
β
ττ ′
[
Xσσ
′
ll′ , X
ττ ′
mm′
]
=
1
4
∑
σσ′ττ ′
σασσ′σ
β
ττ ′
(
Xστ
′
lm′ δl′mδσ′τ −Xτσ
′
ml′ δlm′δστ ′
)
=
1
4
(∑
στ ′
(
σασβ
)
στ ′ X
στ ′
lm′ δl′m −
∑
σ′τ
(
σβ σα
)
τσ′ X
τσ′
ml′ δlm′
)
=
i
2
εαβγ (S
γ
lm′δl′m + S
γ
ml′δlm′) +
1
4
δαβ (Nlm′δl′m −Nml′δlm′) .
The Kondo Hamiltonian can be rewritten in this new basis:
JSs =
∑
α
∑
ll′
∑
σσ′
Xσσ
′
ll′ J〈σl|Sα |σ′l′〉sα
=
∑
α
∑
ll′
Jαll′
(∑
σσ′
1
2
σασσ′X
σσ′
ll′
)
sα
=
∑
α
∑
ll′
Jαll′S
α
ll′s
α (C.7)
where we introduced the effective exchange couplings
Jx,yll′ = J〈+l|S+ ± S−| − l′〉 (C.8)
Jzll′ = 2J〈+l|Sz|+ l′〉 (C.9)
similar to the procedure applied in Chapter 7. Importantly the matrix elements fulfill
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the following relations
Jzll′/J = 2〈+l|Sz|+ l′〉
= −2〈−l|Sz| − l′〉 (C.10)
Jx,yll′ /J = 〈+l|S+ ± S−| − l′〉
= 〈−l|S+ ± S−|+ l′〉 (C.11)
These relations hold due to time reversal symmetry and are essential for the poor man’s
scaling. Applying a magnetic field breaks time reversal symmetry and the above pro-
cedure has to be generalized, see Chapter 8. In the absence of a magnetic field matrix
elements of the spin ladder operators S± of states from the same subspace vanish:
〈σl|S±|σl′〉 = 0 (C.12)
In summary, the total Hamiltonian is given by
H =
∑
α
∑
ll′
Jαll′S
α
ll′s
α +
∑
l
ElNll (C.13)
This Hamiltonian makes evident that all S+1/2 Kramers doublets may show the Kondo
effect. In addition to the intradoublet couplings (l = l′) the Kondo Hamiltonian couples
also states of different doublets (l 6= l′). In Chapter 7 we truncated the spectrum of
the SMM and discussed only the physics of the ground state doublet. In Chapter 8 we
investigated the Kondo temperature as function of the QTM parameter. It turned out
that the composition of the Kondo doublet depends on the QTM parameter leading to
the presented oscillations. The Hamiltonian( C.13) makes evident that the strength of
the exchange coupling depends sensitively on the QTM via the weight of the spin states
which enter the eigenstates of the molecular Hamiltonian.
Using the above relations, Eqs C.5 and C.6, the scaling can be performed similar to
Anderson’s original procedure presented in Chapter 3. The resulting scaling equations
are
δJγll′ = −
∑
m
1
2
(
JαlmJ
β
ml′ + J
β
lmJ
α
ml′
) 1
2
(
δW
W + ∆ml′
+
δW
W + ∆ml
)
(C.14)
We have calculated the Kondo temperature in a step-wise scaling procedure (not taking
into account the renormalization of the MAB). We started with the all magnetic levels
inside the band. We defined the Kondo temperature as the energy scale where the ef-
fective couplings are 100 times larger than the initial couplings. Therefore we updated
the initial couplings whenever the (decreasing) band reached a magnetic excitation. It
turned out that the effective couplings only weakly renormalize for small initial cou-
plings J  W which serves as a justification of the scaling procedure presented in
Chapter 7. This procedure can be further improved by taking into account the renor-
malization of the MAB. This can be done by integrating out the reservoir degrees of
freedom.
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